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Upon the four major topics, the following highlights can be reported. Studies of the
cmposite systems are continually mutating into more complex multicomponent systems and
to cover the new requirements an update and extension of the composite nomenclature has
been accomplished. o Ny ‘

For the 3:0 type composites, a new modification of the original "Safari" design has
been implemented using a very shallow cavity to modify the strgss.d1str1but1oq and gnhange
the dpgp product. The expectation is to produce a highe( permittivity composite which w;]]
still have an effective dngp product. Analysis has continued defining the Teasugemeggdg
the complex coefficients for polymer ceramic composites, and the Banno s1$p e C: es_Stor
has been extended to include cubes with complex coefficients. Following ;om.t grmgich
work on associated programs, a new polymer:NTC ceramic composite hag been e¥1i§ e ance
exhibits strong pressure dependence of conductivity but much reduce temper;egsuremgnt.
promising interesting possibility for tactile and for hydrostatic pressure

Basic studies in the theory of electrostriction are concerned with the many body forces
which are a consequence of the charge transfer model. 7To provide experimental backup, the
compressometer has been modified to permit measurement of the temperature dependence of
the electrostriction constants in KMnF3. New attempts are being made using the optical
dilatometer to measure the direct effect and we hope to be able to report convergence of
these two techniques next year.

In practical electrostrictors, the emphasis has been upon relaxor compositions such
as lead zinc niobate:lead titanate and analogues. In the lead magnesium niobate:lead titanatﬁ
aging studies under DC bias have given the first clear measurements of the effective defect
dipole field.

The thermodynamic phenomenology for the PZT family has now been completed for all phases
from pure PbZr03 to pure PbTi03. Extensive measurements on sol-gel prepared pure composition
have been required to provide data to refine the higher order stiffnesses the electrostrictio
and rotostriction constants and the antiferroelectric polarization coupling constants. The
theory now permits a calculation of the intrinsic single domain dielectric and piezoelectric
properties for any composition at any temperature in the phase field. Data from the theory
has now been used to propose a mechanism for the high piezoelectric anistropy in the PbTi03
based compositions, based on the anisotropy in the electrostriction constants.

In the associated programs a wide range of preparation techniques has been exploited
to provide the many compositions needed in powder, ceramic and single crystal for studies
reported above.

The report appends 24 published papers, and 15 preprints of papers which have been
submitted for publication. ,

Faculty on the program made 16 invited presentation at National and International meeti
and the program contributed 32 papers at major meetings. As an example of the attempt being
made to inform Industry, Academe and Government of the importance of electroceramics, the
schedule of seminars presented by R.E. Newnham over the past year is included.
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1. INTRODUCTION

This annual report documents the work carried out in the second year (January 31 1987 -
February 1, 1988) on a three-year extension of ONR Contract N0O0Q14-82-K-0339 "Pjezoelectric
and Electrostrictive Materials for Transducer Applications.” Following already established custom,
the work is documented largely through reprints of papers published by the investigators on the
program. There has been a major turnover of both post-doctoral fellows and graduate students on
the program this year which delayed several of the submissions to journals and for this reason
preprints of the more important papers will be included this year.

To key the rather large assembly of data a brief summary overview is given which
highlights the major progress over the year. For convenience the technical appendices are divided
into four major topic areas presented sequentially.

1) Piezoelectric and Related Composites

2) Electrostriction

3) Phenomenology and Properties of Conventional Ceramic Piezoelectrics

4) Associated Programs

The past year as mentioned above has been one of transition with many people leaving the
program and new people taking over. The dynamic trio of T.R. Gururaja, A. Halliyal and A.
Safari have left. Dr. Gururaja to join the biomedical transducer group of Hewlett-Packard, Dr. A.
Halliyal to go to the Electroceramic Laboratory of E.I DuPont and Dr. Ahmad Safari to take up an
Associate Professor position in Ceramics at Rutgers University. These stalwarts have been
replaced by Dr. Shoko Yoshikawa who joined us from Center Engineering, Dr. T.T. Srinivasan
from Baker Chemical and by Professor Q.C. Xu who is able to spend part time helping the group.
In the graduate students, Drs. Steve DaVanzo took up a position at Dow Chemical, W. Carlson at
Alfred University, E. Furman at Allied Signal, M.J. Haun at E.I. DuPont and Steve Pilgrim at
Martin Marietta. New students joining the program are Glen Fox, T. Guo and D. Taylor.

In concert with the changing needs of the program, S. Kumar who joined last year has
been spending all of his time designing and building, with help from Professor Xu, a flow iesting
tank.

For a number of years now, ONR has been sponsoring a summer apprentice program in
MRL in association with this contract. Over time, we have accumulated experience in selected
students through our Upward Bound program at PSU who will benefit most, and 1987 was
probably the most successful year to date in this program. It was pleasing to note one of the early
ONR apprentices participating in the Gordon Conference on Ceramics this year as a research
scientist for his company.




2. PIEZOELECTRIC AND RELATED COMPOSITES

2.1 Introduction

With the increasing sophistication now occurring in the manipulation of multi component
composites, it has been desirable to make an extension of the initial composite nomenclature,
establishing rules of precedence for active phases and considering possible changes in connectivity
produced by external variables. In the piezoclectric hydrophone materials work on the chemically

\
.

::j ) co-precipitated powders has shown excellent properties even using just a simple lead titanate
;‘E. ! powder with dygp ~ 4,000.10-15 m2/N. For the PbTiO3:BiFeO3 using conventional preparation
SN techniques properties are markedly improved by doping to control conductivity. Work has
- continued on the fired composites which permit a larger filling factor for the piezoelectric phase and
! ":,-: gives an extended range of properties between conventional 0:3 composites and monolithic PZT.
-:f.: In a new topic area work has been started on exploring the possible application of piezo
.»“J'j A . . . . .

Y resistive composites for sensing both static and dynamical pressure changes. Such materials could
';‘._ have considerable interest for application as low K fillers in piezoresistive towed arrays.

-s’: Extending work from our dielectric center, where extensive modeling of flawed multilayer
N ';':_-j: capacitors has been accomplished using finite element and finite difference methods, these
e techniques have now been adapted to model the effects of electric field on cracks in piezoelectric
\ and electrostrictive ceramics.

;-j_:-:;_' 2.2 Extension of Composite Nomenclature

: .."»'f:: A new nomenclature scheme based on the principles of connectivity, property type, tensor
i rank size scale and orientation is proposed and families of connectivity patterns for diphasic and
. triphasic composites are listed to reflect the new considerations. The concept of a quasi-composite
22: is introduced in order to clarify relations between constituent phases in the more complex systems,
SE: also modifications to the connectivity due to the influence of external variables are considered.

.o

2.3 0:3 Composites for Hydrophone Applications
N 2.3.1 Lead Bismuth Titanate Ferrate Compositions

Following up on the original studies by J. Giniewicz which established the advantages of
the PbTiO3:BiFeO3; materials a more extensive study has now been completed using Mn as a
' modifier ion to improve the resistivity. It was evident from the dielectric loss data at low
frequency, that for compositions containing 50 mole% or more of BiFeO3 there is a considerable
improvement in resistivity and consequently on improvement in polarizability of the 0:3 composite.
Even for doped samples however, the best results were obtained at the 50% bismuth ferrate
composition.

ALY
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2.3.2 Chemically Co-Precipitated Lead Titanate
For pure lead titanate as a filler in the 0:3 composite original studies had used normal mixed
oxide techniques to prepare the powders. In this study co-precipitated powders were generated
from Pb(NO3), and TiCls. After calcining at 900°C the precipitates yielded highly crystalline
powders with a very narrow size distribution. X-ray measurements on poled echo-gel polymer

4 composites indicate very complete poling at 100 Kv/cm and dpgp values over 4,000 x 10-15 m2/V
') have been achieved.

Spy s e
AR S 2

; 2.3.3 Fired 0:3 Polymer Ceramic Composites
:j_ Current work has concentrated upon the transducing capability of the fired 0:3 as a
- broadband send/receive transducer, and as an impedance matching layer for PZT based

transducers.

2.3.4 High dngn_and € Comyposites

Using a modification of the Safari structure PZT elements which have a very shallow

".:'s intercavity have been explored. The effect upon a hydrostatic stress is such that the transverse
.- component can become effectively tensile so that d33 and d3; contributions exhibit the same sign,
:j leading to a device structure with high dpgp and high €
; :j Typical values for experimental elements fabricated to this design are:
K.
L dh = 150 pc/N
N gh=19x 103 Vayn
,\ €33 =810
2
w The elements have a flat frequency response up to about 30 kHz.
o 2.3.5 Resonance Measuring Technique for the Complex Coefficients
N of Ceramic Composites
o
‘ ; Two methods have been devised for measuring the complex coefficients of PZT:polymer
p- composites. The first measures the real coefficient using a lumped circuit equivalent, the second
: ’ models the complex coefficients based on an analytical solution for a single mode. Expansion for
- conductance and capacitance vs frequency and for Qn are derived.
." Experimentally coefficients have been derived for a wide range of 0:3 composites and for
A polyvilidene film transducers.
b 2.3.6 A Complex Impedance Cubes Model for Piezoelectric
- Composites
'. The simple cube model developed by Banno of NGK Japan has been extended to include
:-;'.5 complex dielectric, piezoelectric and elastic coefficients. The relations derived are useful for
understanding the interrelation between d", € " and s" in the polymer:ceramic composites, given
:i,:
?i
b
f ’- ._ L .;-:.;:-;.;.j-.;.}_‘,','.:,-;.:.:,-.j,:-.j,;:‘,;-' ERTROEIOr -;,;.-.;.\;_ Y
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the very disparate mechanical properties of the two components. The formulae show quite clearly
that d" is more effected by € " than s" in these systems.

2.3.7 Composite Sensor for Static and Dynamic Pressure

It was clear from earlier work on the composite thermistor that the major effect on the

transport in semiconductor:polymer 0:3 composites at compositions near the critical percolation
threshold arises from the thermal expansion of the polymer attenuating the connectivity of the
conductive filler. Obviously if the same material is subjected to hydrostatic stress, partial phase
connection could be restored and the material used as a stress sensor. Unlike the piezoceramic
however, the transport will be modulated just as effectively by a DC stress field as by an
alternating field.

In the concept being explored, the proposal is to balance the thermal PTC effect of the
composite by using a semic. aducting filler which will itself have a large NTC effect. Preliminary
data, Fig. 2.3.7.1 and Fig. 2.3.7.2 suggest that the PTC effect can be minimized even at
compositions which show a very strong pressure sensitivity in their resistivity.

3. ELECTROSTRICTION

3.1 Introduction

During the past year the major theoretical effort has focussed upon the effect of many body
forces that arise from interionic charge transfer upon the magnitude and temperature dependence of
the electrostriction and of the third order elastic constants. To provide experimental data for this
work, T.O.E. constants and their temperature dependence were measured last year. This year the
dielectric compressometer was adapted to permit the measurement of the temperature dependence
of the electrostrictive Q constants.

In the practical electrostrictors, a very wide range of our work on relaxor ferroelectrics has
been summarized. The balance of evidence for the model of micro polar regions in the relaxors
was presented and many of the proposed nanostructural features were confirmed in TEM studies
by Barber and co-workers at Essex and by Harmer at Lehigh.

For practical electrostrictor compositions work has continued on grain size effects in lead
magnesium niobate:lead titanate, and on attempts to control the desirable perovskite phase in lead
zinc niobate, and in lead zinc niobate-lead titanate solid solutions both by chemical doping and by
processing methods.

In aging studies, work has been extended to the phenomena associated with aging under
DC bias and have given the first direct quantitative evidence of the effective internal field associated
with the defect ordering.
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3.2 Theory of Electrostriction
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The objective of this work is to investigate theoretically the magnitude and temperature

( variation of the electrostriction coefficients of ionic crystals in order to account for, and ultimately
-».:: predict, tendencies in the effects of crystal structure and of the properties of the constituent ions.
:.-: During the previous year theoretical work focussed on the effect of many-body forces that
::' '.{S arise from interionic charge transfer. Application to MgO and perovskite oxides and fluorides is in
\ progress.
::::' Supporting experimental studies of the single crystal third order elastic constants of KMnF;
‘ __E_j versus temperature were completed. These data are needed in order to determine the nonlinearity
; :: parameters required as input for the theoretical model for the electrostriction calculations. With
only one exception the temperature dependence is linear, indicating that the effect of the improper
'::;'.j ferroelastic transition at 186K (manifest in elastic anomalies) is no longer present above 300K, and
‘f',‘:jj permitting us to eliminate the effect of zero point and thermal motion by extrapolation to absolute
; 233 zero. The static T.O.E. constants thus obtained differ significantly from the R.T. values. Both
° static and R.T. values exhibit large deviations from the Cauchy relations, demonstrating the
inadequacy of pair potentials for describing the interionic short range overlap interactions on
{.‘fj emphasizing the importance of many-body forces for a quantitative understanding of the
'Z-\-; electrostriction coefficients and other anharmonic properties.
' At room temperature the second pressure derivatives of the elastic constants were also
\ .‘S measured. Analysis of the data on the basis of a model with Coulomb and short range central force
; .::E:: interactions indicates anomalously large fourth derivatives of the Mn-F and F-F pair potentials. A
y “ calculation of the temperature dependence of the elastic Gruneisen parameter is consistent with 1
®) models for the acoustic anomaly according to which coupling between strain and order parameter
S fluctuations is limited to frequencies less than the relaxation rate of the soft Rys mode.
: \ In order to study theoretically the effect of pretransformation modulated microstructures on
.; the electrostriction behavior in the vicinity of the transformation temperature we have derived a
‘__ Landau-Ginsburg continuum model for the improper ferroelastic Op!-D4p!8 phase transition in the
\ perovskite structure compounds ABX3. By employing group theoretical methods the gradient
\ coefficients for the 3-component primary order parameter (the rotation angles of the BXg

octahedra) can be expressed in terms of the soft phonon mode dispersion near the R-point.
Analytic and numerical kink-type soliton solutions for both the antiphase and the twin boundaries
in the tetragonal phase have been obtained.

The model has been applied to calculate the thickness and energy of both interphase
boundaries versus temperature in SrTiO3.
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3.3 Low Level Electrostriction

Last year, the dielectric compressometer was adapted to measure small samples and the first
single crystal measurements on KMnF3 were accomplished. Over the current year an environment
chamber has been added which permits measurements over the temperature range from 20 to
150°C. Data of the change in capacitance as a function of pressure is taken at each temperature and
from the slope, the data summarized in Fig. 3.3.1 is produced.

From these measurements, it is simple to deduce both M and Q constants and the
temperature dependence of Q is shown in Fig. 3.3.2. It is evident that like the T.O.E. constants
the R point instability at low temperature does not reflect strongly in the Q constants which are only
weakly temperature dependent.

A preliminary fitting to the anharmonic shell model however, using the method of Barsch
and Achar, shows that for any of the models chosen (Table 3.3.1) it is not possible to fit both the
third order elastic constants and the electrostriction constants with the same model parameters.

Table
Anharmonic shell model parameters, TOE constants (10"N/m2), and
electrostriction constants (m4/c2),

Model C1 C2 C3 Cit Ci12 Qn Qs Q1212

1 -13.0 -2193  -392 -25.3 -3.835 214 -0.629 2735
2 -122 992 -48.8 7.56 -2.284 274 5426 -.263
3 -13.4 189.1 -387 -2.98 -3.80 1.64 .539 275
4 -74.1 -840 5218 -1.394 1.805 354 0372 278
exp -13.66 -0.253 274 .5426 275

3.4 Practical Electrostrictors
3.4.1 Relaxor Ferroelectrics
A wide spectrum of evidence from the macroscopic dielectric, elastic, electrostrictive and
:lectro-optic behavior of relaxor ferroelectrics in the perovskite and tungsten bronze families has
been reviewed. The balance of evidence is suggested to support a model in which local
compositional heterogeneity gives rise to a broad distribution of local Curie points in very small
(100A)3 regions of the sample. Evidence from order:disorder studies in Pb(Sc12Ta1)O3 show
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the critical role of local heterogeneity in the relaxation behavior and are now strongly supported by
TEM analysis by Barber and his group in Essex and by Harmer and co-workers at Lehigh.

3.4.2 Aging Studies in Pb(Mg1/3Nb2/3)3:PbTiO3
’ To further explore the role of aliovalent defects in PMN:PT which have been shown to be
responsible for the preferential aging out of the frequency dependent part of the dielectric
permittivity in PMN:PT doped with MnQO, aging studies have been carried out under DC bias
fields.

For a 10 mole% PbTiO3 composition which has a depoling transition below room
temperature an ordered micro domain state can be established at room temperature under high DC
bias (10 Kv/cm). In an annealed sample cooled quickly to low temperature, no remanent
polarization is established. For a sample aged under DC bias then short circuited and cooled
however, a strong remanent polarization appears equivalent to that generated by cooling under a
DC bias of ~ 2.5 Kv/cm.

We believe that aging the ordered micro domain status, establishes an ordered component
in the defect dipole structure stabilizing the domain orientations, but because of its slow time
constant for build up and decay this ordered component will persist even when the macro
polarization has been relieved by short circuiting, and will thus again order the domains on
cooling.

It would appear that this experiment offers the first clear evidence of the magnitude of the
effective equivalent field generated in the defect ordering associated with the aging processes.

3.4.3 Grain Size Effects in Relaxor Ferroelectrics

Studies on this contract include measurements of grain size effects upon lead magnesium
niobate (PMN) and lead lanthanum zirconate titanate (PLZT) relaxors. In PMN based systems
both the dielectric permittivity K and the electrostrictive field coefficients M depend on grain size,
but the polarization related Q constants do not. The dependence is not simple and other factors
such as the diffuseness of the phase transition are also altered.

For PLZT, using grain grown samples it is possible to measure the grain size effect over a
much wider range and to begin also to look at intrinsic thickness effects in single grain thick
samples. Again the effects are complex, depending critically on the boundary conditions on the
grain under study. A detailed account of this work will be given next year.

3.5 Preparative Studies of Relaxors

The composition PbZn13Nby/303 presents a continuing challenge to ceramic processing.
It is known that single crystals of PZN, and of PZN:PT solid solutions have quite exceptional
piezoelectric properties (d33 ~ 2,000 pc/N). So far however, it has proven impossible to densify
polycrystal samples without inversion to a more stable pyrochlore structure which has totally

uninteresting properties.
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Stabilization of the ceramic form has been achieved by solid solution with BaTiO3 with
SrTiO3 and PbTiO3 and by low temperature sol-gel processing. In all cases, however, there is a
degradation of the properties of the pure perovskite PZN either due to the chemical doping, or to
the presence of some unwanted pyrochlore phase.

4. THERMODYNAMIC PHENOMENOLOGY AND PROPERTIES OF
PRACTICAL ELECTROSTRICTORS

4.1 Introduction

Perhaps the major accomplishment on this year's contract has been the completion of a
thermodynamic phenomenology for the whole PbZrO3:PbTiO3 solid solution family. We believe
that this study by M. Haun and co-workers the continuation of a study which started some 10
years ago by A. Amin will provide a tool for calculating the intrinsic single domain parameters for
any composition in the PbZrO3:PbTiO3 system from pure PbZrO3 to pure PbTiO3 at any
temperature. The method of derivation makes use of, and cross correlates the most reliable current
data on PZT, and no doubt the function will be updated and improved as new measured values are
incorporated.

Application of the theory to pure lead titanate gives very good agreement with measured
values and permits the prediction of single domain properties which have not yet been measured.

Derivation of the coefficients in the energy function has required new experimentation on a
range of compositions which had to be prepared specially for these measurements. Dielectric and
piezoelectric studies also had to be carried down to very low temperatures to freeze out defect and
domain contributions and permit derivation of the orientation averages of the intrinsic constants.

In related studies a detailed analysis of the nature of the anisotropy in the modified lead
titanate ceramics has been included for completeness.

4.2 Thermodynamic Phenomenology for PZT

Over the last 10 years, a full Landau:Ginsburgh:Devonshire (LGD) phenomenological
theory has been developed for the PbZrO3:PbTiO3 solid solution system. In the Taylor series
expansion for the elastic Gibbs free energy, the basic assumption is that all temperature dependence
is carried in the lowest order terms. A second assumption is that the coefficients in the energy
function only mutate slowly and continuously with chemical composition and that the phase
changes which occur are associated with the crossover between alternative solutions in different
polar or antipolar forms.

To permit the description of the antiferroelectric lead zirconate rich phases, a two sublattice
model is required, but so that this model will have the same form as in all the major ferroelectric
species, the expansion is made in terms of sum and difference of the sub lattice polarization, i.c.:

''''''''''''''
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", In the final refinement, additional parameters must be used to permit the description of the
" phases in which the oxygen octahedra take up rotated positions about the polar axis.
‘. These rotation coordinates @ change the shape of the PZT crystal so that new coupling

constants which we designate rotostriction constants are required. Since positive and negative
o rotations produce the same shape change, it is clear that the constants are rotostriction and not
piezorotation descriptors. Similarly for the antiferroelectric phases which are characterized by non-
,\ zero values of the antipolarization p;j the antipolarizations will be shape changing through
; b antiferroelectric striction constants Zjj analogous to the Qjj constants.

';\ The full theory is described in a sequence of six papers, preprints of which are appended to
this report.

2 4.3 Experimental Measurements on PZT Samples

N Pure homogeneous ceramic samples of specific PZT compositions which were required to
; S provide experimental data missing from the literature were prepared by sol-gel methods. X-ray
0 powder diffraction was used to study calcining and to select optimum conditions. For
..' measurement, the powders were sintered at temperatures in the range from 1000 to 1250°C to
% produce high density (96 to 97% theoretical) bodies with uniform microstructures.
o Excess lead was included in the starting powders to improve densification by the fugitive
o, liquid phase.
Powders from these samples were used for x-ray characterization of spontaneous strain.
" Bulk ceramic samples were measured at very low temperatures to determine averaged dielectric
:'n. properties.
3' 4.4 Derivations from the Phenomenology
; 4.4.1 Lead Titanate
! The phenomenological theory has been used to model the dielectric and piezoelectric
p properties of single crystal lead titanate and to calculate the intrinsic behavior of poled polycrystal
o PbTiOs.
v The phenomenological calculations show good agreement with the low temperature
; dielectric behavior of lead titanate and permit the calculation of single crystal piezoelectric
- parameters which have not yet been measured experimentally.
.' In the ceramic calculations, upper and lower limits can be predicted for the averaged
” electrostrictive, dielectric permittivity spontaneous polarization and piezoelectric coefficients.
;-‘ Experimental data falls between these two bounds. The large piezoelectric anisotropy d33/d3; is
°
4
2 T e S NS
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traced to anisotropy in the single crystal electrostriction constants Q11/Q;2 and Q44/Q13 with the
possibility of a change in sign of d31 due to slight changes in the single crystal anisotropies.
4.4.2 Electrostriction in PZTs

Electrostriction constants Q12 measured on ceramic samples were used together with single
crystal data to approximate the composition dependence of electrostriction across the phase
diagram. Series and parallel models analogous to the Voight and Reuss models for elastic
constants were used to relate the ceramic and single crystal constants and to derive bounds for the
ceramic constants from the calculated single crystal parameters.

S. ASSOCIATED PROGRAMS

Each year, a major effort is required in the preparation and characterization of perovskite
and related oxide materials to service the needs of the property measurement groups. This year we
would list:

o 1) Preparation of fine powders of PbTiO3:BiFeO3 and of PbTiO3 for composite studies.

E’.‘_ 2) Growth of single crystals of perovskite fluorides for electrostriction studies.

: -"'1" 3) Extensive studies on pure and on chemically modified Pb(Zn1/3Nb2/3)O3 for piezoelectric
*3_",: and electrostrictive applications.

4) °  Preparation of highly homogeneous PZTs at many compositions across the phase diagram
to aid in final development of the thermodynamic phenomenology.

These studies have been reported in the earlier sections.

In work closely related to the phenomenological studies of the PZTs, a detailed study has
been going on in MRL of the nature and characteristics of the highly anisotropic modified lead
titanate ceramics.

For both calcium and samarium modified compositions, it is possible to choose
composition and poling condition such that d3) and consequently kp the planar coupling goes to
zero at a particular temperature.

The phenomenological studies suggest that part of the origin of this useful practical
performance lies in the basic anisotropy of the single crystal electrostrictive Q constants which

assure that d3; will be unusually low. In closely related studies however it has been shown that
for a proper modelling of the resonance behavior a complex d* is absolutely required and that
whilst the real part of d3j goes to zero in an appropriate temperature depending upon preparation,
chemistry and poling, the imaginary component does not.

The strong suggestion is that extrinsic factors turn the already low d3) and are in fact
responsible for the observed temperature behavior. Reports of these studies are appended for

N

completeness.
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‘\: 6. PUBLICATIONS, PRESENTATIONS, HONORS, AND AWARDS
?.;:'. 1. Papers Published in Refereed Journals |
:js 1. M.J. Haun, E. Furman, S.J. Jang, H.A. McKinstry, L.E. Cross. "Thermodynamic ‘
{ Theory of PbTiO3," J. Appl. Phys., 62(8), 3331 (1987).
j:f 2 D. Damjanovic, T.R. Gururaja, S.J. Jang, L.E. Cross. "Temperature Behavior of the
,: Complex Piezoelectric d3; Coefficient in Modified Lead Titanate Ceramics," Materials
e Letters, 4(10), 414 (1986).
'] 3 D. Damjanovic, T.R. Gururaja, S.J. Jang, L.E. Cross. "Possible Mechanisms for the
E‘.‘,‘ Electromechanical Anisotropy in Modified Lead Titanate Ceramics,” Ultrasonics
E Symposium, p. 633 (1986).
:'..:* 4, D. Damjanovic, T.R. Gururaja, L.E. Cross. "Anisotropy in the Piezoelectric Properties of
Modified Lead Titanate Ceramics,"” Bull. Am. Ceram. Soc., 66(4), 699 (1987).
E-; 5. A. Halliyal, U. Kumar, R.E. Newnham, L.E. Cross. "Dielectric and Ferroelectric
f :E;-j Properties of Ceramics in the Pb(Zn1/3Nby/3)03-BaTiO3-PbTiO3 System," J. Am. Ceram.
20 Soc., 70(2), 119 (1987).
‘ 9’ ] 6. A. Halliyal, U. Kumar, R.E. Newnham, L.E. Cross. "Stabilization of the Perovskite
k.. Phase and Dielectric Properties of Ceramics in the Pb(Zn}3Nby/3)03:BaTiO3 System,”
o Am. Ceram. Soc. Bull., 66, 671 (1987).
_::Z 7. L.E. Cross. "Relaxor Ferroelectrics," Ferroelectrics, 76, No. 3 and 4, 241 (1987).
( 8 J.M. Hayes, T.R. Gururaja, G.L. Geoffrey, L.E. Cross. "Sol-Gel Processing of
':»: ‘. 0.91Pb(Zn13Nb2/3)03:0.09PbTiO3 Stabilization of the Perovskite Phase,” Materials
e Letters 5(10, 396 (1987).
N 9.  L.E. Cross, R.E. Newnham. "History of Ferroelectrics,” Ceramics and Civilization, Vol.
4 3, 289 (1987).
'-:-_Z:: 10.  A.S. Bhalla, R. Guo, L.E. Cross, G. Burns. "Measurements of Strain and of Optical
‘:::.:: Indices in the Ferroelectric Bag 4Srg 6Nb2Og:Polarization Effects,” Phys. Rev. B, Vol.
- 36(4), 2030 (1987).
_?_.. 11.  S.L. Swartz, A.S. Bhalla, L.E. Cross, W.N. Lawless. "Low Temperature Dielectric
"'“ Properties of SrTiO3 Glass Ceramics,” J. Appl. Phys., 60(6), 2069-2080 (1986).
_:jf':i 12.  J. Giniewicz, R.E. Newnham, A. Safari. "(Pb,Bi)(Ti,Fe,Mn)O3-Polymer 0-3 Composites
",__ for Hydrophone Applications," Ferroelectrics, 73(3-4):405-418 (1987).
.. 13.  R.E. Newnham, S.A. Markgraf. "Classic Crystals: A Book of Models," Materials
, Education Council, 48 pp., Penn State University Press, University Park, PA (1987).
\ 14. R.E. Newnham. "Composite Electroceramics (Part II)," Chem. Tech., 17(1):38-45
- (1987).
:»_ 15. B.V. Hiremath, R.E. Newnham, A. Amin. "Fabrication and Characterization of a
o Multilayer PTCR Thermistor,” Ferroclectrics Letters, 8:1-9 (1987).
-
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16. J.R. Belsick, A. Halliyal, U. Kumar, R.E. Newnham. "Phase Relations and Djelectric
Properties of Ceramics in the Pb(Zn13Nb2/3)O03-SrTiO3-PbTiO3 System.” Amer, Ceram.
Soc. Bull,, 66(4):664-667 (1987).

17.  A. Safari, Y.H. Lee, A. Halliyal, R.E. Newnham. "0-3 Piezoclectric Composites

N Prepared by Coprecipitated PbTiO3 Powder,” Amer. Ceram. Soc. Bull., 66(4):668-670

3 (1987).

! 18. 8. Trolier, Q.C. Xu, R.E. Newnham. "Preparation of Chemically Etched Piezoelectric

';j Resonators for Density Meters and Viscommeters," Mat. Res. Bull. 22(9):1267-1274
o (1987).

o 19. S.M. Pilgrim, R.E. Newnham, L.L. Rohlfing. "An Extension of the Composite
f Nomenclature Scheme," Mat. Res. Bull., 22:677-684 (1987).
}E: 20. Q.C. Xu, AR. Ramachandran, R.E. Newnham. "Resonance Measuring Technique for
'}E‘; Complex Coefficients of Piezoelectric Composites,” J. Wave-Material Interaction,
AN 2(2):105-122 (1987).

t 21. Thomas R. Shrout, Umesh Kumar, Mohammed Megherhi, Ning Yang, Sei-Joo Jang.
’f "Grain Size Dependence of Dielectric and Electrostriction of Pb(Mg1/3Nb2/3)03-Based
A Ceramics,"” Ferroelectrics, 76:479-487 (1987).

:_-? 22. M.J. Haun, Y.H. Lee, H.A. McKinstry, L.E. Cross. "High Temperature X-ray
(l; ? Diffraction Study of Sol-Gel Derived PZT Powder," Advances in X-ray Analysis, 30:473
o (1987).

o 23.  T.R. Gururaja, Q.C. Xu, A.R. Ramachandran, A. Halliyal, R.E. Newnham, A. Safari.
! "Preparation and Piezoelectric Properties of Fired 0:3 Composites,” IEEE Ultrasonics
;) Meeting, Denver, CO, pp. 703 (1987).

:f* 24. Q.C. Xu, A.R. Ramachandran, R.E. Newnham. "Measurement of Complex Coefficients
“' for Thick PVDF Polymer," IEEE Ultrasonics Meeting, Denver, CO (1987).
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2 a) Invited
( L.E. Cross
1. "Present Trends and Future Prospects in Dielectric and Piezoelectric Ceramics," keynote
K address, Canadian Ceramic Soc. 85th Annual Meeting and Convention, Feb. 22-27, 1987,
K Ottowa, Canada.

- 2. “Ferroic Crystal Design for Tensor Property Optimization,” 1987 Gordon Research
- Conference on Crystal Growth, Feb. 23-27, 1987, Santa Barbara, CA.
P 3 "Relaxor Ferroelectrics--Polarization and Strain Behavior," 20th Meeting, U.K. Dielectric
- Society, April 7-9, 1987, Cambridge, England.

4. "Electrostrictive Materials for Actuator Applications," 89th Annual Meeting of the American

o Ceramic Society, April 26-30, 1987, Pittsburgh, PA.

‘: 5. "Electro-optic Materials,"” IRIS Speciality Group on Infrared Materials, June 8-10, 1987,
: NBS, Washington, DC.

* 6. "Polarization and Deformation Mechanisms in Relaxor Ferroelectrics,” Gordon
v Conference, "Solid State Studies in Ceramics," July 27-31, 1987, Plymouth, NH.

l‘ : 7. "Unusual Primary Ferroic Crystals and Devices,” 2nd U.S./China Meeting of Ceramic
A" Materials, keynote paper, U.S. Chairman on the meeting, Sept. 8-11, 1987.

. 8. “Electronic Ceramics for the 21st Century," 172nd Meeting of the Electrochemical Society,

. Oct. 18-23, 1987, Honolulu, Hawaii.

: 9. "At the Frontiers of Ceramic Science: Current Salients,” The Institute of Ceramics: Basic
' Science Section, "Electroceramics,” Dec. 16-18, 1987, King's College, London.

R.E. Newnham

N 10.  "Dielectric Properties of Azo Dye-Poly (Methylmethacrylate) Mixtures,” American Physical
-' N Society Meeting, L. Du, J. Runt, A. Safari, R.E. Newnham, March 16-20, 1987, New
o York, NY.

.g, 11.  "The Golden Age of Electroceramics,” American Ceramic Society Meeting, R.E.
1-;; Newnham, April 27, 1987, Pittsburgh, PA.

9’ 12.  "Structure-Property Relations in Electroceramics,” Fifth International Symposium on
f‘ Ferroelectric Semiconductors, R.E. Newnham, June 3, 1987, Rostov-on-Don, USSR.

g 13.  "Composite Electroceramics,” Gordon Research Conference, R.E. Newnham, July 27,
e 1987, Plymouth State College, NH.

" 14.  "Crystal Structures and Crystal Optics,” XIVth International Congress, International Union
; of Crystallography, R.E. Newnham, Aug. 12-20, 1987, Perth, Australia.

o 15. "Nanocomposites,” U.S./China Seminar on Ceramics, R.E. Newnham, Sept. 10, 1987,
» Gaithersburg, MD.
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16.  "Structure-Property Relationships in Perovskite Materials," American Geophysical Union,
Chapman Symposium on Perovskites, R.E. Newnham, Oct. 30, 1987, Bisbee, AZ.

b) Contributed

1. (6-EP-87) "Potential Distribution in BaTiO3 During Electrical Degradation," D. Anderson,
W. Huebner, L.E. Cross, Penn State University, University Park, PA 16802, Am. Ceram.
Soc. Meeting, Pittsburgh, PA, May (1987).

2. (18-EP-87) "Piezoelectric Properties of Sol-Gel-Derived Sm- and Dy-Modified lead
Titanate Ceramics," J.M. Hayes, T.R. Gururaja, L.E. Cross, G.L. Geoffrey, Penn State
University, University Park, PA 16802, Am. Ceram. Soc. Meeting, Pittsburgh, PA, May
(1987).

3. (22-EP-87) "Processing Studies on (1-x) PMN-x PT Ceramics,” U. Kumar, A. Halliyal,
L.E. Cross, Penn State University, University Park, PA 16802, Am. Ceram. Soc.
Meeting, Pittsburgh, PA, May (1987).

4. (16-EP-87) "Preparation of PZN-PT Powder Near the Morphotropic Boundary," U.
Kumar, A. Halliyal, L.E. Cross, Penn State University, University Park, PA 16802, Am.
Ceram. Soc. Meeting, Pittsburgh, PA, May (1987).

5. (28-EP-87) "Fabrication and Characterization of Pure, Homogeneous PZT Ceramics from
Sol-Gel-Derived Powders,” Z. Zhuang, M.J. Haun, S.J. Jang, L.E. Cross, Penn State
University, University Park, PA 16802, Am. Ceram. Soc. Meeting, Pittsburgh, PA, May
(1987).

6. (113-E-87) "Dielectric Properties of Single Grain in Grain-Grown PLZT Ceramics," D.N.
Huang, L.E. Cross, Penn State University, University Park, PA 16802, Am. Ceram. Soc.
Meeting, Pittsburgh, PA, May (1987).

7. (114-E-87) "Application of Pby.xBaxNbyOg Single Crystals as Sensors in Electro-optical
Devices,” S.G. Sankar, Carnegie Mellon University, Pittsburgh, PA; R. Guo, Z.P.
Chang, A.S. Bhalla, L.E. Cross, Penn State University, University Park, PA 16802, Am.
Ceram. Soc. Meeting, Pittsburgh, PA, May (1987).

8. (33-E-87) "New Composite Materials for Magnetic Field Sensor Applications,” G. Harshe,
3. Rajan, A.S. Bhalla, R.E. Newnham, L.E. Cross, Penn State University, University
Park, PA 16802, Am. Ceram. Soc. Meeting, Pittsburgh, PA, May (1987).

9. (35-E-87) "Investigations of Electrostriction Effects in Glass," Y. Sun, L.E. Cross, Penn
State University, University Park, PA 16802, Am. Ceram. Soc. Meeting, Pittsburgh, PA,
May (1987).

10.  (36-E-87) "Elastic Strain Developed by Phase Switching in Ferroelectric Crystals and
Ceramics," W.Y. Pan, Q.M. Zhang, A.S. Bhalla, L.E. Cross, Penn State University,
University Park, PA 16802, Am. Ceram. Soc. Meeting, Pittsburgh, PA, May (1987).
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(39-E-87) "Quasistatic Measurements of PLZT 9.5/65/35 Ceramics,” W. Gu, E. Furman,
L.E. Cross, Penn State University, University Park, PA 16802, Am. Ceram. Soc.
Meeting, Pittsburgh, PA, May (1987).

(40-E-87) "Investigation of the Electrical Conductivity in PLZT Ceramics," E. Furman, W.
Gu, L.E. Cross, Penn State University, University Park, PA 16802, Am. Ceram. Soc.
Meeting, Pittsburgh, PA, May (1987).

(66-E-87) "The Growth and Pyroelectric Properties of Alanine- and Phosphorus-
Substituted Triglycine Selenate (TSGe) Single Crystals,” X.S. Lin, A.S. Bhalla, L.E.
Cross, Penn State University, University Park, PA 16802, Am. Ceram. Soc. Meeting,
Pittsburgh, PA, May (1987).

(62-E-87) "Pyroelectric Properties of Lead Zirconate-Lead Zinc Niobate Ceramics," T.
Takenaka, A.S. Bhalla, L.E. Cross, Penn State University, University Park, PA 16802,
Am. Ceram. Soc. Meeting, Pittsburgh, PA, May (1987).

S.W. Choi, T.R. Shrout, S.J. Jang, A.S. Bhalla. "Dielectric and Pyroelectric Properties
of Pb(Mg1/3Nb2/3)3-PbTiO3 Solid Solution Ceramics," Am. Ceram. Soc. Meeting,
Pittsburgh, PA, May (1987).

T.R. Shrout, M. Megherhi, U. Kumar, N. Yang, S.J. Jang. "Grain Size Dependence of
Dielectric and Physical Properties of PMN Based Ceramics,” Am. Ceram. Soc. Meeting,
Pittsburgh, PA, May (1987).
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Absorbers."

M.H. Lee, A. Halliyal, R.E. Newnham. "Piezoelectric Properties of Coprecipitated
PbTiO3 Powder/Polymer Composites with 0-3 Connectivity."
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Newnham. "Piezoelectric Properties of 0-3 Composites as a Function of Temperature.”
K.A. Klein, A. Halliyal, R.E. Newnham, J. Runt, A. Safari. "Thin Film Polymer-
Electroceramic Composites."

A.R. Ramachandran, A. Halliyal, T.R. Gururaja, Q.C. Xu, R.E. Newnham.
"Piezoelectric Coefficients of Fired' Composites with 0-3 Connectivity.”

J.H. Adair, D.V. Miller, R.E. Newnham. "The Surface Chemistry of Barium Titanate in
Aqueous Suspension.”

W.B. Carlson, R.E. Newnham. "Simulations of Electromechanical Properties of
Composite Multilayers via Finite Difference Numerical Techniques."
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7.  Anpnplied Science Apprenticeships

It is the purpose of this program to provide opportunity for high school students 1o
become acquainted, during their summer break, with the workings of a major research
laboratory and the fascination of research and discover. The objective is to have a maximum of
four students in this category who could work closely with the post-doctoral fellows and

e ® xS

o

el
2 graduate assistants in the Materials Research Laboratory on problems associated with our ONR
Y program in the Center and Dielectric Studies and on the program of research on Piezoelectric

and Electrostrictive Materials for Transducer Applications. These programs which
encompasses the preparation, characterization, and measurement of properties of a wide range
of new electroceramic and ceramic-plastic composites offer many opportunities in which the
"extra pair of hands" and quick perceptions of a well-motivated high school student provides
invaluable assistance.

We believe that the relaxed atmosphere and constant interchange between faculty, post-
doctoral fellows, graduate assistants, and technical aides, and the continuous presence of many
eminent foreign visiting scientists provides a very stimulating environment for the young
student who may be at a critical juncture in making decisions as to longer range career plans.

A secondary but not insignificant advantage of the program is in the additional
component which it provides in the education of our graduate students. Most of these young
men and women will go out into responsible positions in Government and Industry where they
will be called upon to organize and supervise the work of many junior engineers and
technicians. This program, which attaches the technical aid to a graduate assistant, gives him
the chance to organize the work of a second person to speed his own program, but also the
responsibility of the associated human problems of scheduling and humane management. We
believe it has been a most valuable experience for the graduate assistants who have participated
and has given them very useful insights into both the problems and the rewards of "people
management.”

For the last three years, we have developed a much closer relationship with the
University's Upward Bound Program, who are able to draw well-motivated black students
from the Philadelphia School System. Over the years it has become our custom to issue each
student participant a certificate on completion of the term at a small internal ceremony in MRL.
Copies of certificates given to our last three successful apprentices are appended.
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AN EXTENSION OF THE COMPOSITE NOMENCLATURE SCHEME

S. M. Pilgrim, R. E. Newnham, and L. L. Rohlfing
Matenals Research Laboratory
The Pennsylvania State University, University Park, PA 16802

(Received February 4, 1987; Refereed)

ABSTRACT
An expanded version of composite nhomenclature is presented. This nomenclature is based
on the principles of connectivity, property type, tensor rank, size scale, and orientation.
Families of connectivity patterns for diphasic and triphasic composttes are listed. These
famikies adequately reflect the possbilities of composite connectivities. The concept of
quasi-composites is introduced in order 1o clarity the relations among constituent phases in a
composite. An exiension of the nomenclature to encompass dependence of the
connectivity on external variables is also inciuded. The nomenclature scheme conforms to
inuitive ideas of importance; however, R is based on rigorous application of rules of
precedencs.

MATERIALS INDEX: Composites, Nomenclature, Piezoelectric

Introduction

The use of composite materials for piezoslectric, pyroelectric, dielectric, and mechanical
applications is well documented. The advantages of composites for improving performance as compared
to singie phase materiais have been demonstrated on several size scales. These size scales extend from
the nanometer scale to the centimeter scale. The nanometer scale of composite materials can be found in
some polymer blands and copolymers, particularly those used for mechanical applications. The ABS
{acrylonitrile-butadiene-styrene) blended copolymers typify this scale and use. The ABS composite
consists of discrete, Interiocking phase separated regions with a distinct boundary phase. All phase
domains are presen on the nanometer scale. The micron size scale is typified by some piezoelectric
composites. In this case, the composite may consist of piezoelectric ceramic particles embedded in a
polymer matrix [1]. The particie size is on the micron scale. Piezoelectric composites may also be made on
the millimeter scale [2]. This is the Case when macroscopic machining is done to a monolithic piece of
piezoelectric ceramic. The final size scale for composites is the centimeter scale. Reinforced concrete can
be viewed as a centimeter scale composite. Both the reinforcing rod diameters and the inter-rod
separation are on the centimeter scale.

Although composite materials can be formed on dimensional scales covering at least seven orders
of magnitude, the underlying principles are the same. The connectivities of the constituent phases within
the composite, and the relative sizes of the phases with respect to each other and to the interrogating
field, are critical. In order to lully exploit the possibilties of composite materiais, 8 scheme of nomencilature
is necessary. Fabricating a composite requires both the proper constituent phases and also the optimum
spatial connectivity. Connectivity has been defined as the number of dimensions in which a phase is
selt-connected [3]. The connectivity of the constituent phases can alter the physical properties of the
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composite by many orders of magnitude.

The importance of connectivity is illustrated in Figure 1. Figure 1 presents a simple insulator
composed of a minor, conductive phase and a major nonconductive phase. In the insulator shown in
Figure 1a, the conductive phase is present as discrete particles; however, in Figure 1b the conductive
phase is present as a three dimensionally connected network. Clearly the insulator with discrete
conductive regions will have a massively different response than that of the insulator with connected
conductive regions. Proper phase choice and connectivity are not the only important factors in fabricating
a composite. The symmetry of the composite is also imponant, since physical properties are related to
symmetry through tensor relations. :
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FIG. 1a and FIG. 1b
{0-3} and {3-3) Connected Composites

The type of excitation or interrogation which gvokes the desired response is also important. its
nature wifl determine on what size scale the connectivity and symmetry shouid be specified. The size
scale of the composite in relation to the size scale of the interrogating field is imponant in interactions with
acoustic and optical fields. If the phase connectivity is on a smaller scale than the wavelength of the
interrogating field, the composite will respond as an apparently single phase material. An additional
consideration is the nature of the physical property under investigation. Physical properties may be linear
results of the effacts shown by the constituent properties, or more complicated results of the effects.

Van Suchtelen has defined two types of effects in diphasic composites—sum and product
properties [4]. Sum properties are the result of an ‘averaging' of a physical property common to both
constituent phases. Young's modulus and the dielectric constant are both sum properties. The manner ot
the "averaging' is dependent on the connectivity, symmetry, and orientation of the phases. A large
number of averaging schemes for various properties are available in the literature [5). Product properties
are more complex. In a product property, the excitation of phase (A) stimulates a response which in turn
acts as an excitation of phase (B) 10 generate the final response. Product properties can therefore result in
a physical property effect which is present in neither constituent phase.

An example of a product property is the superconductivity stabilizer by W. N. Lawless [6]. In this
product property, a superconducting cable of Nb;Sn Is sheathed with a paramagnetic ceramic of CdCr,0,.
Temperature variations cause portions of the superconducting cable 1o revert to normal metallic
conduction. This results in a decrease in the electric current and a decrease in the accompanying
magnetic field which is supported in the ceramic. The decrease in the magnetic field demagnetizes the
paramagnetic CdCr,04 and thus reduces Rts temperature. This in tum cools the NbaSn cable causing it to
return to the superconducting state. Regardiess of the composite system, the possible types of physical
properties and their magnitudes are intimately related to the connectivity.

Connectivity

Connectivity is a vital feature in characterizing and predicting the response of a composite. In order
1o describe the connectivity of a composite the connectivities of the constituent phases are written in
order [3]. The concept of ordered mixing also plays a part when considering connectivity [7].

For diphasic composites ten connectivities are possible: 0-0, 1-0, 2-0, 3-0, 1-1, 2-1, 3-1, 2.2, 3-2,
3-3. Howaever, in considering only ten diphasic connectivitios the fact that two composites of the same
phases and connectivity could difter radically was ignored. Specifically, ho convention for the ordering of
the phase connectivities was established. For exampie, a composite formed from Pb(Zr,Ti)O4 rods

embedded in a polymer matrix has markedly ditterent piezoelectric properties than a monolithic
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N
e
e Pb(Zr,Ti)O4 with polymer tilled channels within it [8,2]. Considering just the ten diphasic connectivities
:" both composites would possess 3-1 connectivity. Recent usage has considered the former as a 1-3
.»'\'.-_ connected composite and the latter as a 3-1 connected composite. in this convention the active phase
"t connectivity is written first. By accepting the active-first convention six additional diphasic connectivities
N ] are generated.0-1, 0-2, 0-3, 1-2, 1-3, 2-3. These sixteen diphasic connectivities form ten families, where a
4 family is denoted by braces i.e. (3-1}. The {3-1} consists of the connectivities 1-3 and 3-1 when the

connectivity of the active phase is written first. In some cases one of a tamily of connectivities has been |
referred to as an inverted connectivity. An example of this is the 3-0 connectivity member of the {0-3} [9]
G Applying the active-first convention to triphasic composites generates more than the twenty
connectivity pattems previously enumerated [3).

B Ty o e

TABLE
Diphasic Composites In fact the twenty pattemns are actually twenty families of

N Family  members connectivities. These twenty families and the number of
:J-'_‘, {0-0-0} 1 their members are listed in Figure 2. Each family contains
P {0-0-1) 3 one, three, or six members. As an extension of the
SRS {0-0-2} 3 active-first convention, the phase connectivities should
LS {0-0-3} 3 be written in order of activity. An active phasae is
‘AN {0-1-1) 3 considered to be one which possesses a desirable

® {0-1-2} 6 physical property not shared by another constituent
{0-1-3} 6 phase. Next in pracedence are those phases which

- {0-2-2) 3 phase. possess a particularty desirable property
{0-2-3} [ coefficient. Lastly the connectivity of the phase

T {0-3-3) 3 possessing no especially desirable physical property or
A {1-1-1} 1 property coefficients is written. Briefly this order of
{1-1-2) 3 precedence can be given as active-inactive-inent. For
. {1-1-3} 3 larger numbers of phases the following rules of

A z:gg; g precedence apply:

DN {1-3-3} 3 1 Unique desired property (property possessed by only
s {2-2-2) 1 one phase)

{2-2-3} 3 2 Desired property coefficient in a shared property
AN {2-3-3} 3 3 Tensor order of coefficient or property

' {3-3-3) 1 4 Volume fraction
] § Weight traction
J 6 Formula weight or repeat unit weight

*
"
2 "aa e

In order 1o properly define a composite connectivity the principle of quasi-composites is used. A

L)
WS

-‘ quasi-composite is formed when one phase is entirely within another or when there is a large ditference in
o size scales within the composite. In Figure 2a, phases A and B form a quasi-composite with {3-1)
_y connectivity which is embedded in a matrix C. Quasi-<composite {A-B) is one dimensionally connected in
o the total composite. The resuitant total composite connectivity is {3-1(3-1}). This is clearly different than
A the (1-1-3) composite of A, B, and C shown in Figure 2b.
‘ -:.:-: Size scale differences may aiso generate quasi-composites. it a group of phases exists on a size
NN scale more than two orders of magnitude larger or smaller than the other size scales present, the group
A forms a quasi-composite. Assume a polymer matrix (A) loaded with a particulate piezoelectric (B) and a
Y particulate conductor (C), whose particle size is two orders of magnitude smaller than that of phase (8). In
-, this case phases (A) and (C) form a quasi-composite and generate a total composite connectivity which is
| '-:-.;’ pseudo-diphasic. The phases in the pseudo-diphasic are the particulate piezoelectric (B) and the 0-3
h" - diphasic quasi-composite of {(C) and (A). The total composite connectivity is designated as 0-3(0-3). This
A connectivity is derived from B-3(C-A). It should be noted that the rules of precedence still apply--the
‘SN connectivity of (B) is still written first since # is an active phase. The connectivity of the quasi-composite is |
: ;\“' written next since R contains only a desirable shared property. The total connectivity of the ‘
,' quasi-compostte Is given in parantheses following its overall connectivity. ‘
<
l-" --
L
'.f:".
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[~ {3-1(3-1)} and {1-1-3} Connected Composites

‘ -:::-

-' .,‘ The scheme of forming quasi-composites when phase sizes differ by more than two orders ot
e magnhude Is both instructive and extensible. it clarifies the connectivity, but does not obscure the basic
LN underlying connectivity. Conneclivities with quasi-composites are to connectivites what space groups are
gl 10 polnt groups; they provide additional information without obscuring the essentials. The technique is

extensible since no restrictions on the number of phases present have been assumed. In the case of 'n’
.{_ phases, the individual quasi-composites are grouped beginning with the smallest size scale present.

' Then, while considering ‘p’ of the 'n’ phases to form ‘q' quasi-composites for a resultant number of

b\ constituents ‘n-p+q’, the rules of precedence are applied. For example, the total connectivity of a six
:.‘\-f phase mixture composed of:

(A) 0.1 um particulate conductor
(8) 10 um particulate piezoelectric

o, P

) (C) 10 um particulate

.-‘;. (D) 1.0 mm conductive mesh
0N (€) 1.0 cm nonconductive rods

o would be found by following the rules of precedence and the flowchart given in Figure 3.
‘N

The series of progressive expansions of this composite are shown in Figure 4. Phases (A) and (F)
form a quasi-composite with conneclivity 0-3. Phases (B) and (C) and quasi-composite (A-F) form a
quasi-composite with connectivity 0-3(0-3)-0. Phase (D) and quasi-composite (B-3(A-F)-C) form a
Quasi-composite with connectivity 3(0-3(0-3)-0)-2. The quasi-composite has precedence over phase (D)

X

AN as a result of its piezoelectric activity. The quasi-cormogit.o (3(B-3(A-F)-C)-D) and phase (E) form thg
A compiete composie 3(3(B-3(A-F)-C)-D)-E with connectivity 3(3(0-3(0-3)-0)-2)-1. On considering this
g composite from the final total connectivity, this material is composed of a three dimensionally connected
AL Quasi-composite matrix with precedence over a rod-like phase. On a smaller scale the matrix is composed
‘. " of a three dimensionally connecied quasi-composite matrix with precedence over a mesh-like material. On
g a yet smaller scale the matrix is composed of two particulate phases, of which one has precedence over a
:‘_‘.,' three dimensionally connected quasi-composite matrix. At the smallest size scale, at least six orders of
7 magnitude smaller than the largest scale presant, the Quasi-composite matrix is composed of a particulate
~ phase with precedence over the actual matrix phase.
N
° Qrientation
-
WY No reference 1o the orientation of the one or two dimensionally connected phases hos been made
‘N previously. Consequently the composites in Figure 5 are indistinguishable by connectivity alone. Some
d .-: of this ambiguity can be removed for composites which possess an accepted unique axis of orientation.
o Polar , mechanically streiched, electrically excited, and extruded materials all comain a conventional axis of
" interest. Thig conventional axis of interest can be considered as an axis of orientation. If the connectivity
: ;* within a one dimensionally connected phase is perpendicular 1o the orientation axis, the connectivity
<
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{1-2-3} and {1+2-3} Connected Composites
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OX

should be preceded by a '+ instead of a ', Additionally, # the normal 1o a two dimensionally connected
phase is perpendicular 1o the orientation axis the phase connectivity should aiso be preceded by a '+'. By
this convention the composites of Figure 5 can be distinguished. Figure 5a possesses {1-2-3}
connectivity; Figure 5b possesses (1+2-3} connectivity.

The six phase composite discussed previousty would be have 3(3(0-3(0-3)-0)-2)-1 connectivity i the rods
(E) are parallel 1o the orlentation axis and ¥ the normal to mesh (D) is parallel to the axis of orientation. If both
the rod axis and the mesh normal are perpendicular to the orientation axis the connectivity would be
denoted as 3(3(0-0-3(0-3))+2)+1. This convention does not distinguish between Figures 6a and 6b.

Both are {+1+2-3) connecled composites.

ey
.‘I"‘l"

L)
NN
» 0 2
AR

@

s
1
o

Jransitions

The nomenclature appropriate 1o a composite may change as a function of extemailly applied fields
or effects. Such variabies include temperature (T), voltage (V), and stress(o). Applied variables which
result in second order effects i.e. electrostriction (EE), and cross properties such as magnetoelectricity
(BE) are also included as extemal variables. Two types of transitions may result from a change in extena!
variables. In the case of a phase property transition, the transition occurs within a phase. A connectivity
transition does not involve any change in phase properties, but may alter the composite properties or
connectivity. In order to denote a transition, a prototypic connectivity is required. The prototype is taken
1o be the connectivity present at 0 X with no extemnally applied fields or forces. Transitions are denoted by
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oA {+1+2-3} and {+1+2-3} Connected Composites

writing the prototypic symmetry, the external variable(s), type of transition ('p’ for phase propenty transitions
or ‘¢’ for connectivity transitions), and the new connectivity.

Taking a 30 Vot% V,03-polyethylene composite thermistor as an example, the nomenclature would
yield a 3-3 prototypic connectivity. The polyethylene connectivity is listed first since both phases are inen
and it is the majority phase. The V,0, phase has a temperature induced phase property transition (NTC) at
-135 OC which is denoted Tp. This transition results in a 3-3 connectivity. It must be noted that the order
of phases is now reversed. The conductive V04 now takes precedence over the inert polyethylene.

This transition is denoted: 3-3Tp3-3.

- Another example involves a composite varistor sandwiched between insulators. The composite is
- composed of a quasi-composite of conducting ZnO and insulating BioO3 with 2-3 connectivity, an
insulating Al,O4 phase, and a minor electrode phase. The prototype has 2-2(2-3)-2 connectivity. The
electrode connectivity is first (conductivity has precedence), and the quasi-composite connectivity is
second since it is present in a larger volume fraction than the Al,O4. Applied voltage causes a phase
propenrty transition in the quasi-composite which makes it conductive. The resulting connecilivity is
2(2-3)-2-2, with the quasi-composite now taking precedence as the largest volume fraction conductor.
The entire transition is denoted: 2-2(2-3)-2Vp2(2-3)-2-2.

it multiple transitions occur they are listed as progressive deviations from the prototypic state. The
thermistor composite mentioned above has a second transition at 130 ©C. This transition is a temperature
induced connectivity transition (Tc¢). This transition results in the breakup of the three dimensionally
connected V,04 phase into a discrete phase. This transition, 3-3T7¢0-3, does not alter the order of the
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::‘-::‘ phases--the V2,04 phase is still first. The complete connectivity description for the composite thermistor is:
-"\ 3-3Tp3-3Tc0-3. If multiple transitions are nonsequential or independent they are written in increasing
‘:;.': tensor rank of the extemai variable. The nomenclature for a composite formed from a themmistor and a
- varistor would list the temperature transition before the voltage transition.
T Summary
{:f The idea of connectivity patterns has been expanded to form connectivity families for diphasic and
o triphasic composites. These families inore adequately reflect the possibilities of composite connectivity
.« - than those given elsewhere. As a further improvement, an expanded version of composite nomenclature
® has been presented. This nomenclat e is based on the principles of connectivity, quasi-composites,
D .'r orientation, and transition.
- - The order of precedence for the connectivities within a composite has been defined. The order of
A precedence conforms {o intuitive ideas of importance; however, it is based on rigorous application of the
- ; rules of precedence:
X ‘}'- 1 Unique desired property (property possessed by only one phase)
AT 2 Desired property coefficient in a shared property
3 Tensor order of coefficient or property
.
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4 Volume fraction

5 Weight fraction

6 Formula weight or repeal unit weight
These rules are applicable in g purely mechanical sense.

Quasi-composites were introduced to clarily the spatial and size relations among phases. Physically
segregated phases form quasi-composites. Phases present on different size scales also form
quasi-composites. In writing the total connectivity, quasi-composite connectivities are grouped by
parantheses and conform to the rules of precedence for connectivities.

Orientation of one and two dimensionally connected phases has been denoted within the
nomenciature scheme. If a one dimensionally connected phase, or the normal to two dimensionally
connected phase, is perpendicular to the composite axis its connectivity is preceded by a '+'. In the case
of a parallel or oblique relation to the composite axis the connectivity is preceded by a *-'.

Transitions as a result of extemnal variables are described for composites. A concise method for
writing the transition based on prototypic connectivity, extemnal variable, and transition type is given.

These four major themes form the basis of the expanded composite nomenclature. The scheme is
extensible 1o multiphase composite systems. Rt accurately reflects the physical relations of phases within
composites.
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polychromatic percolation, and the effect of porosity,
among others. In Part 2 we'll examine composite-material
symmetry, we'll discuss Curie groups, magnetic Curie
groups, and color groups, and we'll review their effects on
physical properties.

Many varieties of symmetry are found in composite
materials. In describing their symmetry, the basic idea is

M

:::: Part 1 of this article (CHEMTECH, December 1986, pp. perpendicular to the laminated sheets and to both sets of
. 732-739) outlined some of the basic principles of  glass fibers. Its twofold symmetry axes are oriented

’ '_E; composite electroceramics: sum and product properties,  perpendicular to the 4 axis and at 45° to the fiber axes. The

tetragonal symmetry is maintained when the laminate is
heated; double-curvature distortion occurs, but the
symmetry elements of point group 42m are not violated.

Laminated composites with 68 angle-ply alignment
exhibit orthorhombic symmetry consistent with point
group 222 (they have three perpendicular twofold axes). In
a 0 angle-ply laminate, the fibers in the first layer are

oriented at an angle of +8 with respect to the edge of the

! Pierre Curie’s principle of symmetry superposition:
laminate (Figure 3). Fibers in the second layer form an

Sy Composite materials exhibit only those elements of
- symmetry that are common to their constituent phasesand  angle of —@ with the edge, and they form an angle of 26
N to the geometric arrangement of those phases. with respect to the fibers in the first layer. A pair of
S The practical importance of Curie's principle rests with  twofold symmetry axes bisects the fiber directions, and a
~, its influence on physical properties. Neumann's law from  third is perpendicular to the laminated layers. When

heated, the fibers twist but the symmetry is unchanged.

crystal physics sums this up: The symmetry elements of
The varieties of thermal strain exhibited by the three

any physical property of a composite must include those of

0

,::. its crystallographic point group. Nye discusses applications ~ laminated composites are excellent examples of
Y of this law to single-crystal materials (1). A discussion of =~ Neumann'slaw. In each case, the symmetry of the physical
}4-::: the more wide-ranging effects of symmetry has been given properties includes that of the point group of the
-_; by Shubnikov and Koptsik (2). composite. Other properties of the composite obey
- Laminated composites are good illustrations of = Neumann'slaw as well. The elastic properties of an angle-
,.:_ composite symmetry. The glass fibers of unidirectional ~ ply metal matrix are shown in Figure 4.
oy laminates are aligned parallel to one another, and these Maximum anisotropy in Young's modulus is observed
Al laminates are said to have orthorhombic symmetry = when the fibers in the adjacent layers of the matrix are
:-:} {crystallographic point group mmm [Figure 1]). parallel to one another (§ = 0° or 90°). In this case, the
S Mirror planes are oriented perpendicular to the  symmetry of the composite is orthorhombic, but as 8
p laminate normal and perpendicular to an axis formed by  approaches 45°, the anisotropy disappears until the
® the intersect cv. of the other two mirrors. Therefore, the = symmetry becomes tetragonal at 8 = 45°. This corresponds
- physical properties of a unidirectional laminate must to the symmetry of the cross-ply laminate.
-::,: reflect the symmetry elements of point group mmm. If the The point groups for unidirectional laminates (mmm),
T laminate is heated, thermal expansion will cause it to  cross-ply laminates (42m), and angle-ply laminates (222)
- change shape. Less expansion will take place parallel tothe  are examples of crystallographic symmetry in composite
b fiber axis because glass is less prone to thermal expansion ~ materials. Three-dimensional composites use more
> " and has greater stiffness than polymers do. The laminate ~ complicated patterns. Woven carbon-carbon composites
> will expand anisotropically, but its symmetry will not  are made from carbon fibers infiltrated with pyrolytic
"y change. The heated laminate continues to conform to  carbon (3). Aerospace engineers have found that weaves
- point group mmm. with cubic geometries show excellent resistance to wear.
s A cross-ply laminate is made up of a pair of Cubic symmetry is obtained by weaving fibers in
g unidirectional laminates bonded together with their fiber  directions that correspond to important symmetry
e axes at 90° (Figure 2). Such a laminate belongs to  directions in a cube. In one such pattern, the fiber axes are

®
::::

tetragonal point group 42m. The fourfold axis is  aligned perpendicularly to one another along three
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Although the term symmelry Is used to describe areas
and objects as diverse as mathematics, electrical
charge, magnetism, and crystals, in all it implies
harmony-—a sameness, or something that remains
unchanged throughout an operation. In solid state .
chemistry, or crystallography, symmetry operations on
" materials are discussed In terms of symmetry elements, -
Including. . S '
s Rotation axis, n
& Mirror plane, m_. - <. .~
" e Inversion axi8, 2" v N

- o Center of gymmetry, ¥:5 - )

" The elements noted are examples of those belonging to
point symmetry, because at least one point in the ~
} material remains unchanged during thp symmetry :
[ operation. Crystals have been found to belong to one of -
¢ 32 possible combinations of point elements; each
{  combination Is.called a point group. .
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nonintersecting <100> directions. Another has four
nonintersecting <111> directions as fiber directions. An
even more complex weave is obtained by combining the
<100> and <111> patterns in a seven-directional weave
with faceted strands. In the carbon-carbon composites,
60-75% of the volume is occupied by carbon fibers.

Extruded geometries

Other symmetry elements can be introduced during
processing. The extruded honeycomb ceramic used as a
catalytic substrate is one interesting example (4). By
suitably altering the die used to extrude the ceramic slip, a
large number of different symmetries can be incorporated
into a composite body when the extruded form is filled
with a second phase. Figure 5 illustrates three extruded
geometries with hexagonal, tetragonal, and orthorhombic
symmetries. The orthorhombic pattern (Figure S5a)
resembles the cellular structure of wood in which cell walls
terminate on adjacent transverse walls. Such a structure
offers excellent resistance to mechanical and thermal
shock.

Lead zirconate titanate (PZT) honeycomb ceramics
have been transformed into piezoelectric transducers by
poling them and adding electrodes. Honeycomb
transducer symmetry depends on the symmetry of the
extruded honeycomb and on the poling direction. For a
square pattern, the symmetry of the unpoled ceramic is
tetragonal (4/mmm) with a fourfold axis parallel to the
extrusion direction. When the honeycomb is poled parallel
in the same direction as the extrusion, the symmetry
changes to 4mm.

Longitudinally poled PZT composites have been
investigated by Shrout and co-workers (5). Transversely
poled, epoxy-filled composites are especially sensitive to
hydrostatic pressure waves (6); their symmetry belongs to
the orthorhombic point group mm2 (Figure 6).

Not all composites have crystallographic symmetry.
Some belong to the seven limiting groups that have
infinite-fold symmetry axes (Figure 7). The best known of
the Curie groups are those with spherical (@ « m),
cylindrical (= /m m), and conical (® m) symmetry (2). The
other four groups exhibit right- and left-handed
characteristics, which can best be illustrated by various
liquids.

(a)

Dle patterns
(b) () (d)

Figure 5. (a) Electroceramic bodies with many different
symmetries can be extruded by using dies. (b) An end-on
view of a hexagonal monolithic honeycomb pattern. (c) A
tetragonal pattern with square and diamond faces. (d) An
orthorhombic pattern

An ordinary liquid, such as water or benzene, has
spherical symmetry. The molecules have no alignment or
handedness, and hence there are infinite numbers of
infinite-fold axes and mirror planes, corresponding to
Curie group ® « m. All other limiting groups are
subgroups of @ « m, as indicated in Figure 7.

The mirror planes are lost when the liquid possesses
handedness. A simple way to impart handedness is to
dissolve sugar in water. Although randomly oriented in
water, the sucrose molecules are all of the same
handedness, thereby making the solution optically active.
When dissolved in water, dextrose and levose—the right-
and left-handed forms of sugar—give rise to the
enantiomorphic forms of point group « «. This symmetry
can be imposed on a composite material by incorporating
randomly oriented, left- or right-hunded molecules within
the body.

Point groups @ @ m and = = are consistent with random
orientation of crystallites as well. A polycrystalline body of
alumina (single-crystal symmetry 3m) belongs to ® « m.
The symmetry group of polycrystalline quartz
(enantiomorphic single-crystal group 32) depends on the
relative population of right- and left-handed gruins. If the
two are equal in population, as is normally the case, the
symmetry of the randomly oriented polycrystalline body is
o o m. If left-handed grains were systematically
excluded, for example by grinding up a right-handed
crystal, the symmetry group would be » .

Composite bodies that have texture or direction may
belong to one of the five remaining Curie groups: ©/mm,
© m, ®/m, ®» 2, or » Texture is added to a composite
when it is mechanically processed. All five groups have
special symmetry axes. Liquid crystals have an
orientational order that conforms to Curie group
symmetry. In nematic liquid crystals, the molecules are
parallel to one another, giving cylindrical symmetry
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Figure 8. Honeycomb pressure sensor extruded with .
tetragonal 4/mmm symmetry, ransversely poled to give:
orthorhombic mm2 symmetry.

= /mm. Conical symmetry (= m) is achieved when the
molecules are parallel and polar. And if the liquid crystal
molecules have handedness or are stacked helically, as in
cholesteric liquids, the symmetry group is @ 2. Group
©/m occurs in the unlikely circumstance that right- and
left-handed molecules align with opposite polarity.
Certain ferroelectric crystals, such as PbsGe;0y,, exhibit
ambidextrous behavior. Right- and left-handed
ferroelectric crystals, however, are in the polar point group
=, the lowest-symmetry Curie group.

Mixed liquids can lead to some interesting symmetry
changes. Mixing an enantiomorphic liquid (® ®) with a
nematic liquid crystal (®/mm) creates a “mixed drink”
with symmetry o 2, in accordance with the principle of
symmetry superposition.

Physical forces or fields can be assigned to certain
symmetry groups. Consider a temperature gradient
dT/dx. This is a vector that can be imposed on a composite
material during processing, and if the material has a
“memory,” the vector nature of the temperature gradient
will be retained after the gradient is removed.

Polar glass—ceramic materials illustrate this principle
(7). A glass is crystallized under a strong temperature
gradient, and polar crystals grow like icicles inward from
the surface. “ertain glass—ceramic systems, such as
Ba;TiSi,03 and Li;8i;0s, show sizable pyroelectric and
piezoelectric effects when prepared in this manner. They
belong to Curie point group ® m, the group of a polar
vector. As the glass crystallizes in a temperature gradient,
its symmetry changes from spherical (® « m) to conical
(= m), the same as that of a poled ferroelectric ceramic.

Magnetic Curie groups

Other physical forces can be classified into Curie group
symmetries. To describe magnetic fields and their
properties it is necessary to introduce the so-called black-
and-white Curie groups illustrated in Figure 8. Magnetic
fields are represented by axial vectors with symmetry =/
mm’. The symbol m” indicates that the mirror planes that
are parallel to the magnetic field are accompanied by time
reversal (essentially a reversal of the magnetic field to
maintain symmetry). The symbol 1’ is added to the Curie
group symbols to indicate that in normal Curie groups all
symmetry elements occur twice—once with and once
without time reversal.

Polar vectors, such as temperature gradient or electric
field, belong to Curie group « ml’. Tensile stress, which

(b)

3y

\
8] [Fee)

x
O EQ] <99
AYA
Figure 7. The seven limiting symmetry groups with infinite-
fold sxes, called Curle groups. These apply 10 aggregates
rather than to single crystals. (a) Water and benzene have
spherical symmetry, ® © m. Spheres contain an infinlte
number of Infinite-fold axes and mirror planes.
{b) Cylindrical symmetry, ©/m m, provides one axis with
Infinite-fold symmetry and a mirror plane paraliel to the
axis. Polymers often have cylindrical symmetry created by

extruding them through dies or by pulling them lengthwise.
(c) The mirror planes of spheres are lost when the liquid is

right- or left-handed, as when sucrose is dissolved in water,

The point group Is ® =, The remaining groups (unlabeled)
have directionallty, as do collections of dipoles.

Figure 8. Magnetism can be classified Into Curle groups but
because every magnetic fleld has a direction, one
symmetry operation that appears Is time reversal
(essentially an Imaginary flopping of the magnetic fleld),
indicated by m’. Normal Curle groups (solld boxes) contain
symmetry elements both with and without time reversal.
Magnetic derivatives are dotted boxes; m' Indicates that
the mirror operation Is accompanied by time reversal.
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A More than two phases
. > Connectivity patterns for more than two phases are
f -&"\ similar to the diphasic patterns but are more numerous.
i ,','.\ There are 20 three-phase patterns and 35 four-phase
\ W patterns, but only 10 two-phase patterns (Figure 10). For
( 1 nphases the number of connectivity patternsis (n + 3)!/
. 3!, Triphasic connectivity patterns are important when

:C_\f electrode patterns are incorporated into disphasic

o ceramic structures.

,\"'.r‘:.

N

XN depends on two forces operating in equal and opposite  connectivities (8), as shown in Figure 10: 0-0, 1-0, 2-0, 3-
v directions, is represented by a second-rank tensor that 0, 1-1, 2-1, 3-1, 2-2, 2-3, and 3-3. A 2-1 connectivity
- & belongs to cylindrical group ®/mml’. pattern, for example, has one phase that is two-
' The symmetry superposition principle applies to the  dimensionally self-connected, whereas the second phase is

point groups in Figure 8. In the magnetoelectric
composites made from ferroelectric and ferromagnetic
phases, the symmetry of the poling fields is retained. If the
electric and magnetic poling fields are applied in the same
direction, the symmetry of the composite is ® m’. When
the poling fields are perpendicular to one another, the
symmetry is 2'mm’.

To summarize, some composites belong to
crystallographic point groups (cross-ply laminates to 42m),
some belong to limiting groups (polar glass-ceramics to
« m), and some belong to black-and-white limiting groups
(magnetoelectric composites to ® m’). Composites that
contain more than two phases can be described by color
group symmetry.

The magnetoelectric composite is an excellent
illustration of the importance of symmetry in composite
materials. Figure 9 shows the change in symmetry going
from single domain—single crystals of -CoFe;O and

in the form of chains or fibers. Connectivity patterns
generally are not unique. In the case of a 2-1 pattern, the
fibers of the second phase might be perpendicular to the
layers of the first, or they might be parallel.

The past few years have seen development of processing
techniques for making ceramic composites with different
connectivities (9). Extrusion, tape-casting, and replamine
(lost-wax process) methods have been especially successful.
The 3-1 connectivity pattern in Figure 10 is ideally suited
to extrusion processing. A ceramic slip extruded through a
die gives a three-dimensional, connected pattern with one-
dimensional holes, which can later be filled with a second
phase (Figure 6).

Another variety of connectivity suited to processing is
the 2-2 pattern of alternating layers of the two phases.
Tape casting multilayer capacitors that have alternating or
interleaved layers of metal and ceramic is one way to
produce 2-2 connectivity. In this arrangement, both

e BaTiO, through multidomain and polycrystalline states—
A to a polycrystalline composite that has been poled and
sy magnetized in parallel electric or magnetic fields. In
T combining a magnetized ceramic such as CoFe,O, CoFex04 BaTI0,
L ’ . . Single crystal Single crystal
) (symmetry group «/mm’) with a poled ferroelectric Single domain Single domaln
) ceramic such as BaTiO; (symmetry group = ml’), the LA 4 mml'
P symmetry of the composite is obtained by retaining the m
> symmetry elements common to both groups: ® m'’. I !
Py An interesting feature of symmetry is its effect on
v physical properties. According to Neumann's law, the CoFe;0e BaTiO
‘] ) f hysical f ial Single crystal Single crystal
&N symmetry of a physical property of a material must Muitidomain Multidomain
° include the symmetry elements of the point group. The m3ml’ m3m¥’
" separate symmetries of a magnetized ceramic and a poled
:."s: ferroelectric forbid the occurrence of magnetoelectricity, 3 1
:.‘: but their 'combined _symmetry (@ m’) allows it By CoFe:O BaTIOs
A incorporating materials of suitable symmetry in a Unmagnetized Unpoled
v composite, new and interesting product properties can be Cuan:!c CO;"“'!C
s expected to occur. xxm m
e 1 )
~r Connectivity
iy Connectivity is an important feature in property CoFe204 BaTIO;
b~ > . . . . Magnetized Poled
o development in multiphase solids because physical Ceramic cegaml
b o properties can change by many orders of magnitude x e
A depending on the manner in which connections are made m
. (8). For instance, if an electric wire's metallic conductor T~ L
- and rubber insulation were connected in series rather than
Yl in parallel, its resistance would be far higher. Magnetoelectric
<. , . ) CoFe204-BaTiO,
Each phase in a composite can be connected to material m’
e in the same phase in zero, one, two, or three dimensions. It
::.: is natural to confine attention to three perpendicular axes  Figure 9. Symmetry derivation for a polycrystaliine BaTiO,-
. because all property tensors are referred to such systems. If ~ CoFe,0, magnetoelectric composite, poled and magnetized
o s we limit discussion to diphasic composites, there are 10 in parallel electric and magnetic flelds
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Figure 10. Ten connectivity patterns used to describe the
tensor properties of diphasic composites

phases are self-connected in the lateral x and y directions,
but they are not connected to the layer along z.

In 3-2 connectivity, one phase is connected in three
dimensions, the other is connected in two. This pattern can
be considered a modified multilayer pattern with 2-2
connectivity. If holes are left in the layers of one phase, the
layers of the second phase can connect through these holes
to give three-dimensional connectivity.

The most complicated and perhaps the most interesting
pattern is 3-3 connectivity in which the two phases form
interpenetrating, three-dimensional networks. These
patterns often occur in living systems, such as coral, in
which organic tissue and an inorganic skeleton penetrate
one another. These structures, as well as the connectivity
patterns found in foam, wood, and other porous materials,
can be replicated in other materials using the replamine
process (10).

Stress concentration

The importance of stress concentration in composite
materials is well known from structural studies, but its
relevance to electroceramics is not so obvious. Stress
concentration is important to many piezoelectric
composites made from polymers and ferroelectric
ceramics (9). By focusing the stress on the piezoelectric
phase, some of the piezoelectric coefficients can be
enhanced while others are reduced (8).

As an example, consider a piezoelectric composite in
which both the tensile stress and the resulting electric field
are parallel to the poling direction. If the two phases of the
composite are arranged in parallel, the stress acting on the
more compliant phase will be transferred to the stiffer one.
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A composite of interest here is made from a ferroelectric
ceramic (phase 1) in parallel with a compliant polymer
(phase 2).

If 90% of the composite volume is polymer, then the
volume fraction of the ferroceramic is 0.1, and the
piezoelectric voltage coefficient is 10 times larger than the
voltage coefficient of the ceramic alone, Excellent designs
for hydrophones—instruments that direct and register the
distance and direction of sound in water—are obtained in
this way (9).

The advantages of internal stress transfer also can be
used in pyroelectric coefficients. If the two phases have
different thermal expansion coefficients, there is a stress
transfer between the phases, which generates the electric
polarization through the piezoelectric effect. In this way it
is possible to make a composite pyroelectric in which
neither phase is pyroelectric (8).

Electric fleld concentration

The multilayer design used for ceramic capacitors is
effective for concentrating electric fields. By interleaving
metal electrodes and ceramic dielectrics, relatively modest
voltages can produce highly electric fields.

Multilayer piezoelectric transducers are made in the
same way that multilayer capacitors are {11). Oxide
powder is mixed with an organic binder and tape cast by
spreading it with a blade on a surface. Alter the material
dries, the tape is stripped from the substrate and electrodes
are applied with a screen printer and electrode ink. The
pieces of tape are then stacked, pressed, and fired to
produce a ceramic that has internal electrodes. After leads
are attached, the multilayer transducer is packaged and
poled.

When compared with a simple piezoelectric transducer,
the multilayer transducer offers a number of advantages:
o The internal electrodes make it possible to generate
larger fields for smaller voltages, eliminating the need
for transformers for high-power transmitters. A 10-V
difference across a tape-cast layer 100 um thick
produces an electric field of 10° V/m, not far from the
depoling field of PZT
The inherent higher capacitance of multilayer design
also may help in impedance matching.

Many electrode designs can be used to shape poling
patterns, which in turn control the mode of vibration
and ultrasonic beam patterns.

Additional design flexibility is possible by interleaving
layers of different composition. Ferroelectric and
antiferroelectric layers can be alternated, thereby
increasing the depoling field.

Grain-oriented piezoelectric ceramics also can be tape
cast into multilayer transducers. This enhances
piezoelectric properties by aligning the crystallites
parallel to internal electrodes (12).
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0.04
Electrostrictive
0.9 PMN-0.1 PT
g
-, £
B 8
;. : 002k — Walk-off
D ]
K :& e Arrangement of thin dielectric layers in a multilayer g
x transducer provides improved strength against electric &
\ breakdown. Gerson and Marshal measured the . R
s breakdown strength of PZT as a function of specimen
N My thickness (13). The d.c. breakdown field for }-cm-thick :F
N . . ezoelectric
O ceramics was less then half that of 1-mm-thick samples.
y ,‘\':.: It is likely that this extends to even thinner specimens . . 1 .
ot and leads to improved poling and more flexible 0 0 10 20
( transducers.
e Perhaps an even more important factor is the Electric fleld (kV/cm)
:‘_:-: enhancement of electrostrictive efforts. Electrostriction is
s a second-order electromechanical coupling of strain and Figure 11. Comparison of electrostrictive and piezoelectric
NN electronic field. For small fields, electrostrictive strainsare  micropositioners. PMN Is lead magnesium niobate, PT is
T small compared with piezoelectric strain, but this is not  |ead titanate, and PZT Is lead zirconium titanate. Although It
® true for the high fields generated in multilayer  does not show a linear response to an electric field, a
.. transducers. PMN-PT mixture generates more strain than does PZT. PZT
o Multilayer electrostrictive transducers made from  also shows a shift in its strain response when the electric
' -;; ferroelectrics, such as lead magnesium niobate (PMN)  tield strength returns to zero.
5 (14), can generate strains larger than those of PZT (Figure
-~ 11). Moreover, poling is not required, and there are no  nA (without margins) and the thickness is t/n (neglecting
e aging effects. The concentration of electric fields makes  the electrode thickness). The resistance of the multilayer
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nonlinear effects increasingly important.

Multilayer thermistors

For many applications it is desirable to lower room
temperature resistance because thermistor elements often
are connected in series with the circuit elements they are
designed to protect. It is possible to lower the resistivity of
the composite by altering the components, but the
resistivity cannot be lowered indefinitely without
degrading the effect of a thermistor when its resistance is
increased suddenly at high temperatures; that is, when it
has a positive temperature coefficient (PTC).

Placing internal electrodes in a thermistor reduces the
resistance per unit volume without affecting temperature
characteristics. Thermistor devices are being fabricated as
ceramic disks or as composite wafers. We recently
developed a way to make multilayer BaTiO; PTC
thermistors with greatly lowered room temperature
resistance (15). BaTiO; powder doped with rare-earth ions
is mixed with an organic binder and tape cast on glass
slides. Electrodes are then screen-printed on the tapes,
which are stacked, pressed, and fired. The internal
electrode configuration is similar to that of a multilayer
capacitor.

The basic idea involves comparison of a single-layer disk
thermistor with a multilayer thermistor of the same
external dimensions. The multilayer device is assumed to
have n ceramic layers and n + | electrodes. A represents
the area of the single-layer thermistor, ¢ is its thickness, and
p is the resistivity. The resistance of the disk thermistor is

R, = pt/A

For the multilayer thermistor, the area of the electrodes is
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device is
Rm = p(t/n)/nA = R,/n?

The resistivity of the thermistor is lowered by a factor of
1/n? with n — 1 internal electrodes.

We have demonstrated the feasibility of this idea with a
multilayer device that contains four tape-cast layers. As
predicted, the resistance of the multilayer specimen is
about n? (= 16) times smaller, with very little change in the
temperature characteristic.

Summary

We've reviewed some of the basic ideas underlying
composite electroceramics.

Sum properties involve the averaging of similar
properties in the component phases, with the composite
values that lie between those for series and parallel mode!s.
A simple sum property is the dielectric constant: The
constant of the composite lies between those of the
individual phases. This is not true for combination
properties based on two or more properties. Acoustic
velocity depends on stiffness and density, and because the
mixing rules for these two properties are often different,
the acoustic velocity of a composite can be smaller than
those of its constituent phases.

Product properties are even more complex than sum
properties are because three properties are involved:
Different properties in the constituent combine to yield a
third property in the composite. In a magnetoelectric
composite, the piezoelectric effect in BaTiO; acts on the
magnetostrictive effect of cobalt ferrite to produce a
composite magnetoelectric effect.

Connectivity patterns are an important feature of
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composite electroceramics. The self-connectivity of the
phases determines whether series or parallel models apply
and thereby minimizes or maximizes the properties of the
composite. The three-dimensional nature of ;the
connectivity patterns makes it possible to minimize some
tensor components while maximizing others.

Concentrated field and force patterns are possible
with carefully selected connectivities. Using internal
electrodes, electrostrictive ceramics can produce strains
comparable with those of the best piezoelectric materials.
Stress concentration is achieved by combining stiff and
compliant phases in parallel. Several hydrophone designs
are based on this principle.

Periodicity and scale are important factors when
composites are to be used at the high frequencies that
produce resonance and interference. When wavelengths
are on the same scale as the component dimension, the
composite no longer behaves as a uniform solid. The
colorful interference phenomena observed in opal and
feldspar minerals are interesting examples of natural
composites. Acoustic analogues occur in the PZT-polymer
composites that are used as biomedical transducers.

Symmetry governs the physical properties of composites
just as it does in single crystals. The Curie principle of
symmetry superposition and Neumann's law can be
generalized to cover fine scale composites, thereby
elucidating the nature of their tensor properties. As in the
case of magnetoelectric composites, sometimes a
composite belongs to a symmetry group that is lower than
any of its constituent phases. Unexpected product
properties occur in this case.

Interfacial effects can lead to interesting barrier
phenomena in composites. ZnO-BiyO; varistors and
carbon-polymer PTC thermistors are important examples
of barrier effects. Barrier layer capacitors made from
conducting grains separated by thin insulating grain
boundaries are another example.

Polychromatic percolation is an interesting concept
that has yet to be fully explored. Composites fabricated
from two or more conducting phases can have several
kinds of transport paths, both single-phase and mixed,
depending on percolation limits and volume fractions.
Carbon-PZT-polymer composites can be poled because
polychromatic percolation established flux continuity
through ferroelectric grains. The SiC-BeQ composites
under development as substrate ceramics are another
example. These diphasic ceramics are simultaneously
excellent thermal conductors and poor electrical
conductors. A thin layer of BeO-rich carbide separates the
SiC grains, insulating them from one another electrically
but providing a good acoustic impedance match, which
ensures phonon conduction.

Coupled-phase transformations in polyphasic solids
introduce additional possibilities. Recently discovered

NTC-PTC composites made from ViQ; powder and
embedded in polyethylene combine matrix and filler
materials with complementary properties. At low
temperatures the V,0; particles are in a semiconducting
state and in intimate contact with one another. On passing
through a semiconductor-metal transition, the electrical
conductivity increases by five orders of magnitude.
Further heating rapidly expands the polymer, which pulls
the V,0; particles apart. As a consequence, the electrical
conductivity decreases by eight orders of magnitude. In
addition to this “window material” with a controlled
conductivity range, several other composites are subject to
coupled-phase transformation.

Porosity and inner surfaces play special roles in many
electroceramic composites used as sensors. Humidity
sensors made from Al;O; and LiF have high inner surface
area because of thermally induced fractures. The high
surface area and hygroscopic nature of the salt result in the
excellent moisture sensitivity of the electrical resistance.
Chemical sensors based on similar principles can be
constructed in the same way.
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(Pb, Bi)(Ti, Fe, Mn)O03;/POLYMER 0-3 COMPOSITES
FOR HYDROPHONE APPLICATIONS

J. R. GINIEWICZ, R. E. NEWNHAM, A. SAFARI and DAWNE
MOFFATT

Materials Research Laboratory, The Pennsylvania State University, University
Park, PA 16802

(Received 3 July 1986)

The hydrostatic piezoelectric response of composite materials incorporating (Pb,_,Bi, )(Ti,_,Fe,)O,
ceramic fillers from the highly anisotropic tetragonal region of the solid solution system in the vicinity
of the morphotropic phase boundary were measured and compared. The considerable difficulty in
poling and, hence, the diminished piezoelectric response encountered as the composition of the filler
is shifted closer to the phase boundary was determined to be largely due to the high conductivity of
the BiFeO,-rich compositions. The ceramic was modified with Mn in an attempt to lower its
conductivity. Composites incorporating the Mn-doped filler poled more rapidly and easily than the
undoped material and ultimately achieved a hydrostatic figure of merit, d,g,, 40% better than that
observed for the undoped samples. Among the samples investigated, the highest hydrostatic figures of
ment were exhibited by samples containing the doped and undoped x = 0.5 fillers. The hydrostatic
response remains stable over a broad pressure range.

INTRODUCTION

The development of new polymeric materials, that has occurred in the past few
decades, has spurred a growing interest in composite material design for the
optimization of a variety of physical properties. Among the composite materials
most actively investigated at present are those classified as electronic composites.
Multilayer dielectric materials and piezoelectric ceramic/polymer composites are
of particular importance as technological and industrial advances demand more
versatile and responsive sensors and actuators.

This investigation deals primarily with 0-3 piezoceramic/polymer designs or
materials which consist of a three-dimensionally connected polymer matrix within
which the ceramic phase is dispersed as discrete particles. Piezoceramic/polymer
composite materials have been found to exhibit piezoelectric properties superior
to those exhibited by homogeneous piezoelectric materials.'> The piezoceramic
and polymer components of the composite materials may be arranged in a variety
of configurations thereby optimizing overall piezoelectric performance.* In
addition, certain features such as elastic compliance and low density make these
materials attractive candidates for versatile pressure sensitive devices. 0-3
materials are among the simplest of all the composite designs where the ceramic
component is embedded in a polymer matrix as a particulate suspension.
Although less responsive overall than its more elaborately configured relatives,
this material has certain distinctly advantageous features.

Perhaps one of the most attractive features of the 0--3 design is its versatility in
assuming a variety of forms including thin sheets, extruded bars and fibers, and
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certain molded shapes. This investigation explores the preparation and hydros-
tatic piezoelectric performance of the material in the form of sheets prepared by a
conventional polymer compounding and forming technique incorporating un-
doped and Mn-doped fillers from the highly anisotropic phase boundary
compositions of the PbTiO,;-BiFeO; solid solution system. The flexible nature of
the sheet design makes it a viable candidate for a variety of applications.
Piezoelectric sheets are suitable materials for pressure sensitive devices which
require a material that is able to conform to the contours of various surfaces.
Such devices as pressure sensitive keyboards, transducing gloves and blood
pressure gauges are a few products currently produced from piezoelectric sheet
composites.*>*

HYDROPHONE MATERIALS: AN OVERVIEW

A number of poled ceramic materials, such as Pb(Zr, Ti)O,, (PZT),” and certain
piezoelectric polymers, such as polyvinylidenefluoride, (PVDF),® exhibit a
piezoelectric response when subjected to a hydrostatic pressure. Such materials
are well-suited for transducer applications, in particular for those devices
employed as underwater pressure sensors, hydrophones. Three of the most
important properties required of a good transducer are: (1) voltage sensitivity or
the material’s ability to convert the applied pressure to an electrical signal, (2)
low density to enable adequate impedance coupling between the device and the
transmitting medium and (3) compliance for enhanced durability and confor-
mability, and reduced “ringing” or echo effects within the device. The conven-
tional figure of merit focuses on the sensitivity of the material and is expressed in
terms of the hydrostatic piezoelectric strain coefficient, d,, the hydrostatic
piezoelectric voltage coefficient, g,, and the dielectric constant, K;, as

dngi = (dy3 + 2d3,)*/ €K 3,

where &, is the permittivity of free space. The leading piezoelectric ceramic
material, PZT, exhibits only a modest hydrostatic response due to a relatively
large negative d,, coefficient (—175 pC/N) with respect to its d;; coefficient
(400 pC/N). The hydrostatic performance of the leading piezoelectric polymer,
PVDF, is also limited by a similar inhibition of d, and a relatively low melting
temperature.

Piezoceramic/polymer composites are a class of materials that effectively
overcome these limitations and hence are found to be more responsive and
versatile transducer devices.'”> The composite constituents provide complemen-
tary properties which, when combined, produce a superior hydrostatic piezoel-
ectric material. The polymer phase lowers the density of the material providing
better acoustic coupling to water than that obtained for a high density
homogeneous ceramic. The low dielectric constant of the polymer phase
effectively increases the g, coefficient and the figure of merit. Finally, the
piezoelectric properties of the ceramic are easily adjusted within the composite
whose constituent phases may be suitably arranged to effectively distribute the
applied stress in a manner that encourages the maximum piezoelectric response.*
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FIGURE 1 PbTiO,-BiFeO, structural phase diagram.'®

THE PbTiO;-BiFeO; SYSTEM

The (Pb,_,.Bi,)(Ti,_,Fe,)O; solid solution system is of particular interest for its
promising piezoelectric properties. The system possesses a morphotropic phase
boundary (0.7 <x <0-8) between a tetragonal (0.0 <x =0.7) and rhombohedral
(0.8 =x =1.0) modification of the perovskite structure (Figure 1) very much
analogous to that observed for PbTiO;-PbZr0,.*'° The PbTiO,~BiFeO, system
is distinctive, however, for the extremely large structural anisotropy attained for
compositions in the tetragonal region.'® This considerable distortion gives rise to
a potential for highly anisotropic piezoelectrics from the composition range near
or on the morphotropic phase boundary. Unfortunately, as is the case for
PbTiO,, it is this very feature which, on the one hand, makes possible an
outstanding piezoelectric response, also deters the production of strong, dense
ceramics. Samples prepared in the tetragonal range generally fracture upon
cooling through the transition temperature, T,, with the degree of specimen
disruption increasing as the composition approaches the phase boundary.

The variation of the lattice parameters with compopsition is shown in Figure
2a. The tetragonal lattice parameters ¢ and a are found to vary quite considerably
as the composition approaches the phase boundary. The magnitude of ¢ increases
dramatically from 4.40 A for x = 0.5 to 4.53 A at x =0.7 while a decreases in a
more gradual manner from 3.85 A for x =0.5 to 3.81 A at the phase boundary.
The c/a ratio is exceptionally high for all the compositions recorded attaining a
maximum value of 1.19 at the morphotropic phase boundary (Figure 2b). This
represents a strain of nearly 20% in materials prepared from this portion of the
solid solution system where ceramic samples are rarely strong and generally
fracture upon cooling through the transition temperature.

All modifications of the solid solution are ferroelectric. No reports appear in
the literature, however, regarding the observation of a hysteresis loop for any
composition, presumably because of a high coercive field and the low resistivity of
the material. The variation of ferroelectric Curie point with composition as
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FIGURE 2 (a) Variation of the lattice parameters with composition, (b) variation of tetragonal c/a
and volume with composition. '’ )

depicted in Figure 1 is seen to increase in a nearly linear fashion from 490°C for
PbTiO, to 850°C for BiFeO;.

The Curie point dielectric constant is depicted in Figure 3a as a function of
composition measured at 25°C and a frequency of 530 MHz. Its value is observed
te decrease with increasing BiFeQ, content.'' The dissipation factor is plotted as
a function of temperature for selected compositions in Figure 3b. The losses
generally increase with increasing BiFeO; content and are likely due to to a
substantial n-type conductivity associated with the ferrite.!' A complex variation
of conductivity with composition has been reported and has been attributed to the
relative contributions of several possible conductivity mechanisms operating
® across the composition range.'® The greatest contributors to the conductivity for
y compositions with a high BiFeO,-content are likely to be the Fe?* ions present
with the Fe’* ions on the B-sites of the perovskite lattice which are oxidized via
the reaction Fe?* — Fe’* + ¢~ thereby liberating electrons to the system.'*'¢
Where PbTiO; and BiFeO, are both semiconductors it can be assumed that the
high losses at elevated temperatures are primarily conductive.'!
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The prime objective of this investigation was to produce easily fabricated, thin,
responsive  piezoelectric  sheets for  hydrophone applications. The
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FIGURE 3 (a) Curie point dielectric constant as a function of composition (25°C, 530 MHz), (b)
dissipation factor as a function of temperature (530 MHz)."*

(Pb, Bi)(Fe, Ti)O,/polymer 0-3 composites satisfy all the desired requirements of
a good hydrophone material. The high anisotropy of
(Pb,_,Bi,)(Ti,-,(Fe, Mn),)O; compositions in the range x =0.5-0.7 permits
considerable hydrostatic sensitivity. 0-3 composites incorporating this filler are,
therefore, more responsive than 0-3 designs currently produced containing
PbTiO; or PZT. In addition, very thin sheets of the material may be produced
due to the fine particle sizes obtained by quenching the filler powders. The high
strain present in ceramics prepared in the x = 0.5-0.7 composition range allows
for the production of fine particles on quenching with minimal damage to
individual crystallites. Sheets made with single crystallites created in this way are
found to more easily poled and to have an enhanced piezoelectric response over
composites made with fine particles produced by grinding.

Little has been reported in the literature regarding the piezoelectric properties
of materials produced from the PbTiO;-BiFeO, system. Most studies on the
system have been conducted mainly to better determine the nature of BiFeQO,
which is difficult to characterize alone. Further, any investigation of the
piezoelectric character is restricted by the brittle nature and high conductivity of
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the matenal, especially in the prime area of interest near the morphotropic phase
boundary. The aim of this investigation was to examine the hydrostatic
piezoelectric nature of the binary system as the filler component of a 0-3
composite. The one problem of brittle fracture is resolved and, in fact, exploited
in this way. The difficulties related to the high conductivity are alleviated by
modifying the filler compositions with small concentrations of a Mn-dopant. It has
already been pointed out that the greatest contributors to the conductivity for

»
- composition with x greater than 0.5 are most likely to be the Fe’* ions present
< with the Fe’* ions on the B-sites of the perovskite lattice which are oxidized via

..-: the reaction Fe?" — Fe’* + e~ thereby liberating electrons to the system. The Mn

";:-:. dopant is added in an attempt to counter this electron liberating oxidation by

- oxidizing the ferrous ions via the reaction: Mn** + Fe?* — Fe’* + Mn?"* thereby
] lowering the conductivity of the ceramic. The hydrostatic piezoelectric perfor-
.-}_.-' mance of_composne samples incorporating both the undoped and Mn-doped filler
o are examined and compared.

I

i

o PREPARATION OF THE CERAMIC

‘::'f\ The (Pb,_,Bi,)(Ti,.,(Fe,_,Mn,),)O, powders were prepared by a conventional
y y p

double-firing process. Green mixtures were batched with compositions in the
range x =0.5-0.7 and y = 0.0 and 0.02 from the oxides PbO, TiO,, Bi,0;, Fe,0;,
and MnO,. The green powders were contained in covered alumina crucibles and
subjected to a primary low-temperature firing in air at 800°C for 1.5 hours. The
calcined powders were loosely compacted, placed in covered alumina crucibles
and subjected to a second firing at 1000°C for 1.5 hours. The peliets were
quenched to room temperature directly following the soak period. The quenched
samples generally fractured completely upon quenching and required only the
slightest grinding with mortar and pestle to break up agglomerates.

The intergranular nature of the fracture and particle morphology are apparent
in scanning electron micrographs of powders representing any of the tetragonal
compositions investigated. Disruption of the microstructure is observed to occur
entirely at the grain boundaries. No fractured particles are observed. Particles
produced for ail tetragonal compositions are generally discrete, approximately
spherical crystallites.

°® The particle size distribution curves for samples prepared from each composi-
B tion were determined by means of a Sedigraph 5000D Particle Size Analyser
[,: (Figure 4). Samples prepared closer to the phase boundary produced the
»j.:-j: narrowest distributions with the smallest mean particle size reflecting a more
:-j.}: thorough disruption of the microstructure as the strain in the system increases.
P The mean particle size range is 5~10 um for compositions x = 0.5-0.7 where the
® finest particles are produced for powders with composition x =0.7.
L'_*..",
D
SN PREPARATION OF THE COMPOSITE
N
e Composite samples were prepared containing 50-60 volume percent
(Pb. Bi)(Ti, Fe)O, filler and 40-50 volume percent polymer from the epoxy-based
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FIGURE 4 Sedigraph particlfie size distribution curves for selected tetragonal compositions. (All

samples fired and quenched at 1000°C with a soak period of 1.5 hours—(a) x = 0.5, (b) x =0.6, (c)
x=0.65, (d) x=0.7).

Eccogel series (Eccogel-Series 1365 # 25~—Emerson and Cuming, Dewey and
Almy, Chemical Division, Canton, Ma.). The filler was initially blended with the
liquid components of the Eccogel system and compounded by a high-shear
hand-mixing technique. The mixture was then formed into a sheet by hot-rolling
at a temperature in the range 40-60°C. The formed sheets were initially cured
under a low pressure applied by means of a hydraulic press at 90°C for 2.0 hrs and
then post-cured for an additional 3.0-4.0 hours at 70°C.

The cured composite sheets were polished with a fine silicon carbide emery
paper to smooth out rough or pitted areas on the surfaces. The sheet was then cut
into rectangular sections measuring approximately 0.5-1.0cm®. The sheet was
sectioned in this manner to better evaluate homogeneity. In addition, poling of
the material was more easily accomplished on small, thin sections than on larger
sheets. The rectangular sections were subsequently polished to a uniform
thickness of approximately 0.2-0.5 mm and dried in a 70°C furnace for 2.0-3.0
hours. The polished sections were electroded with an air-dry silver paint for
poling and for dielectric and piezoelectric testing.

PIEZOELECTRIC AND DIELECTRIC MEASUREMENT

Two series of samples were prepared for dielectric and piezoelectric testing. The
samples constituting these series are listed in Table I. The series were selected to
investigate both the effects of filler composition and Mn doping of the filler on the
degree of poling achieved and, hence, on the hydrostatic piezoelectric response.
The first series was examined in order to monitor the change in piezoelectric
response with increasing BiFeO;-content for tetragonal compositions in the
vicinity of the morphotropic phase boundary. The samples constituting the second
series were prepared incorporating both undoped and Mn-doped
(Pbyg sBiy 5)(Ti, sFe, s)O;5 fillers. Mn ions substituted for 2% of the Fe’* ions in
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TABLE 1

Poling ficlds, poling periods, and d,, coefficients for Senes |
and Il samples

Practical E  Period dyy
x y (KV/cm) (min.) (pc/N)

Series [
501 0.50 0.00 110 30 45
651 0.65 0.00 100 15 23
701 0.70 0.00 100 10 16
Series 1
501 0.50 0.00 110 30 45
501M 0.50 0.02 100 15 55

the doped samples. The purpose of *his second series was to investigate the
effects of Mn-doping on the polarization and ultimate piezoelectric performance
of composites incorporating this filler. Investigation of the dielectric and
piezoelectric properties included: (a) determination of the optimum poling
conditions for each sample, (b) determination of the nature and degree of poling
achieved as evidenced by the magnitude of the longitudinal strain coefficient, d;,
and the inversion of the 00//h00 x-ray diffraction peaks of the filler, (c)
measurement of low frequency (KHz) dielectric constant and dissipation factor,
both before and after poling, and, finally, (d) measurement of the hydrostatic
piezoelectric coefficients, d, and g,.

Poling the Composites

The optimum poling temperature, poling field, and time are determined primarily
by the relative dielectric constants and conductivities of the composite com-
ponents, the polymer melting temperature, and the composite integrity. The
relative dielectric constants and conductivities of the two components, in
particular, affect, to a considerable extent, the degree of poling achieved.’

The electric field acting on the piezoelectric element within an insulating 0-3
composite will be similar to the applied field only if the dielectric constants of the
components are nearly equivalent. This is generally not the case, however, for
ceramic/polymer systems where the difference in dielectric constant may be one
or two orders of magnitude. The local field acting on the ceramic particles,
therefore, will only be about 5% of the applied field strength.

The relationship between the electric fields acting upon each component and
their respective conductivities, where the dc poling field is applied for a period
longer than the relaxation time, is defined by the Maxwell-Wagner model'* as

E/Egy=0n)/00)y=pm)/ P

where the subscripts 1 and 2 refer to the ceramic and polymer phases
respectively. The magnitude of the electric field acting on the ceramic, £, is
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optimized, therefore, by allowing for the highest possible conductivity ratio. In
most cases, where the conductivity of the ceramic is particularly high, only a very
small fraction of the poling field will act on the piezoelectric filler.

The considerable differences in dielectric constant and conductivity between
the two components of the composite system establishes the need for a poling
field of at least 75 KV/cm to produce any significant polarization of the material.
The relatively low melting temperature of the Eccogel matrix sets the upper limit
for the poling temperature. The optimum poling temperature of 75°C was
established on the basis of a general survey made for representative samples
selected from the two series and applied for the poling of all the samples

investigated.
Optimum poling fields and times were similarly determined by systematically

varying the parameters and monitoring the degree of poling achieved and the
incidence of breakdown. The results of this study are presented in Table 1. The
practical poling field established represents that field strength at which the highest
degree of poling is achieved with minimum breakdown. The poling time
corresponds to that period required to achieve maximum poling under the
influence of the practical field. The magnitudes of the longitudinal strain
coefficient, d;;, exhibited by samples poled under these conditions are listed for
each specimen as an indicator of the degree of poling attained. The dj; value
recorded is an average of those sections from the original composite sheet that
achieved a maximum degree of poling with a deviation £5 pC/N. d;; measure-
ments were made on a Berlincourt d;; meter (Model CPDT 3300—Chanel
Products, Inc., Ohio).

Series | samples were found to be increasingly resistant to poling as the filler
composition approached the morphotropic phase boundary. The maximum
degree of poling as indicated by the longitudinal strain coefficient, dj;, was
consequently observed to decrease significantly as the composition became
increasingly rich in BiFeO,;. Mn-doping of the filler was found to significantly
enhance the poling of the S0I composite material as indicated by the dj;
coefficients recorded for Series Il samples in Table 1. Samples doped with 2 mol%
Mn were observed to achieve maximum poling in half the time required to pole
an undoped sample at similar field strengths.

The intensity ratios of the 00//h00 x-ray diffraction peaks from samples
constituting Series II were monitored both before and after poling in order to
detect the possible contribution of 90° domain reorientation or the rotation of
single domain crystallites to the ultimate degree of poling attained for the
composite. The 00//h00 peaks for both poled and unpoled samples from this
series are depicted in Figures 5a and 5b. Both the 501 and 50IM samples exhibited
similar inversions after poling with about a 10% increase in the intensity of the
00! peaks. Unlike the rigid environment of a solid ceramic or a stiffer polymer
matnx, the compliant Eccogel Polymer used for this composite system is
apparently better able to accommodate the distortion of the ceramic particles that
accompanies 90° domain wall motion or the rotation of single domain crystallites.
The 10% inversion indicates that complete poling has not been fully realized and,
hence, that optimum poling of the (Pb, Bi)(Ti, Fe)O,/polymer system is likely to
be significantly greater than what has been observed in this investigation.
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Dielectric Data

Dielectric constant and dissipation factor were recorded for each sample both
before and after poling. The dielectric constant was calculated in terms of the
sample dimensions and capacitance. Capacitance and dissipation measurements
were made at 1 KHz on a Hewlett—Packard 4270A automatic capacitance bridge.
The data appear in Table II. The values represent an average of measurements
made for several specimens taken from a particular composite sheet with a
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1)
o TABLE Il
Dielectnc and piezoelectric data for Series | and Series I composite samples
K D d, B d,8s X
Before After Before After (pC/W) (mVm/N)  (fm%/N)
\ Series 1 ]
501 45 40 0.13 0.09 25 65 1625
651 55 50 0.17 0.10 15 30 450
701 45 45 0.12 0.08 ) 15 75
Senes 11
501 45 40 0.13 0.09 25 65 1625
501M 45 40 0.12 0.05 30 90 2700

deviation of %5 and 10.01 for dielectric constant and dissipation factor
respectively.

The dielectric constant and dissipation factor for each sample both before and
after poling were found to be similar in magnitude. The dielectric constant was
observed to decrease somewhat for those samples that were sufficiently poled.
This reflects the reorientation of the K,; within the piezoelectric filler where the
;{ alignment in the poling direction will be manifested by a decrease in the dielectric
" constant of the composite. Dissipation factors were typically about 10% for all
o
4

samples with a slight decrease after poling.

( Hydrostatic Piezoelectric Data

[ Hydrostatic piezoelectric measurement was made by a dynamic technique'® by
- which means the voltage coefficient, g,, was evaluated and the strain coefficient,
. d, subsequently derived. Hydrostatic data are recorded in Table II. The values of

the coefficients recorded are averages of those measured on the portions of the
composite sheets that achieved a maximum degree of poling. The deviation of d,
and g, are £5 (pC/N) and £10 (mV-m/N) respectively for the S0I and 50IM v
samples and, of those specimens representing the 651 and 70l samples, the )
- deviations are less than £5 (pC/N) and 15 (mV-m/N) respectively. Hydrostatic
measurements were taken as a function of pressure on a sample representative of

" the undoped filler composition x = 0.5. The results of that investigation are shown 4
q in Figure 6. >
J The increased inhibition to poling of the Series I samples as the composition

- approches the morphotropic phase boundary is reflected in the steady decrease of

. the hydrostatic response from a figure of merit of nearly 2000 (fm?/N) for the 501
b sample to barely 100 (fm?/N) for sample 701. The hydrostatic response of the

‘ Mn-doped sample, SOIM, as represented by the hydrostatic figure of merit, d,gx, )
¢ is found to increase approximately 40% over that exhibited by the undoped P
N sample, 501, again reflecting the enhanced poling of samples prepared with the

N Mn-dopant. In addition, the responsc is observed to be highly stable over a broad

3 pressure range. The hydrostatic performance exhibited by the Series Il samples,

. in particular, the exceptionally high voltage sensitivity and pressure stability,

) establishes, therefore, this material's merit as an effective and reliable hydrostatic

‘ pressure sensor. M
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FIGURE 6 Hydrostatic piezoelectric coefficients as a function of pressuce (Measurements made at
the facilities of the Underwater Sound and Reference Division of the Navy, Orlando, FL).

SUMMARY

A prototype 0-3 sheet design was developed composed of a
(Pb, Bi)(Ti, (Fe, Mn))O, filler and an epoxy (Eccogel) matrix. The hydrostatic
piezoelectric responses of composite materials representing
(Pb,_,Bi, )(Ti,-,Fe,)O, compositions from the highly anisotropic tetragonal
region in the vicinity of the morphotropic phase boundary were measured and
compared.

Samples incorporating filler compositions in the range x = 0.5-0.7 (Series I)
poled with an applied field of about 100 KV/cm in oil at 75°C exhibited an
increased resistance to poling as the filler composition approached the phase
boundary. This is reflected in the steady decrease of the hydrostatic response
from a figure of merit of nearly 2000 (fm?/N) for the sample representing x = 0.5
to barely 100 (fm?/N) for that incorporating the phase boundary composition
x=0.7.

The high conductivity of samples prepared in the composition range investig-
ated is most likely associated with the presence of Fe?* ions on the B-site of the
perovskite lattice which initiate the liberation of electrons via the reaction

‘ Fe?* — Fe’* +¢~. The filler was modified by doping with Mn in an attempt to
\ effectively counter this detrimental reaction by oxidizing the Fe‘* via the reaction
' Fe?* + Mn>* — Fe’* + Mn?" thereby reducing the conductivity of the filler.

The merit of the (Pb, Bi)(Ti, Fe, Mn)O,/Eccogel 0-3 composite as a sensitive
and stable hydrostatic piezoelectric transducer has been demonstrated by the
hydrostatic performance of those samples containing the doped and undoped
fillers (501 and S0IM). Composites incorporating the Mn-doped filler poled more
rapidly and easily than the undoped material and ultimately achieved a
hydrostatic piezoelectric figure of merit, d,g,, of 2700 (fm’/N), a value
approximately 40% better than that exhibited by the undoped sample of 1625
(fm*/N). The (Pb. Bi)(Ti, (Fe. Mn))O,/Eccogel composites containing the
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x =0.5 fillers were found to be superior to PZT, PVDF, and most of the PbTiO,
and PZT composite shect materials currently reported in the literature.>® Further
work is underway to optimize the filler composition, the composite preparation
and the poling procedure. The results obtained in this study indicate that the
composite system, prepared under these optimized conditions, should prove to be
an exceptionally sensitive and stable hydrophone material.
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In Memorium: Issai Lefkowitz

Life goes by too quickly. It was 25 years ago, but it seems like only yesterday that
Lef and 1 met at the International Union of Crystallography meeting in
Cambridge, England. Lef was enjoying a sabbatical at the Cavendish Laboratory
working with Helen Megaw on the NaNbO; structures. | remember his happy
smile and his enthusiastic approach to research; sometimes the words came so fast
he seemed to bubble over with fun.

That enthusiasm never left him. At the Penn State IMF meeting in 1981, Lef
was very sick, but he wasn't about to give up. He was full of optimism and talked
about his latest copper chloride results with great feeling. That was Lef—an
inspiration to us all—he showed us how to make the most out of life. He taught
us how to live, and how to die.

Bob Newnham
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0-3 Piezoelectric Composites Prepared by
Coprecipitated PbTiO; Powder

AHMAD SAFARI"
Rutgers University, Piscataway, NJ 08854

YOUNG H. LEE, ARVIND HALLIYAL," and ROBERT E. NEWNHAM®
Pennsylvania State University, University Park, PA 16802

Pure lead titanate powder was prepared by a coprecipi-
tation technique using Pb(NO,),, TiCl,, and NH,OH as
starting raw materials. The coprecipitated powder was
calcined at 900°C to yield highly crystalline particles
with a narrow particle size distribution. The O-3 com-
posites were prepared with this powder using a polymer.
X-ray diffraction patterns taken on the surface of the
composites before and after poling indicated that almost
saturation poling was achieved at 100 kV/cm. The hy-
drostatic charge and voltage coefficients, d, and g,. were
=45 (pCN ') and 95 (107°YmN~"), respectively. The
composites showed no aging effect.

Piezoclectric phenomenon exhibited by certain piezoelectric
crystals, polarized polymers, and composites is used in a number
of electromechanical transducers such as hyvdrophones, vibra-
tion sensors, and pressure and stress sensors. In hydrophone,
the active sensing element is a solid piezoelectric ceramic ma-
terial such as PZT. Piezoelectrically active ceramic components
convert underwater sound pressure waves to electrical signals,
which are then amplified and displayed. The sensitivity of a
sound receiver material is characterized by a hydrophone figure-
of-merit (FOM), commonly taken as the product of the hydro-
static piezoelectric charge (d,) and voltage (g,) coefficients.
During the past few years, piezoelectric ceramic-polymer
composites with many different connectivity patterns have been
designed and fabricated for improved hydrostatic pressure sen-
sitivity. -’ Among the composites studied so far, the simplest
types are those with 0-3 connectivity,* which consist of a three-
dimensionally connected polymer matrix loaded with piezo-
electrically active ceramic particles. One of the most attractive
features of the 0-3 design is its versatility in assuming a variety
of forms including thin sheets, extruded bars and fibers, and

*Member, the American Ceramic Society

*Eccogel 1365-0. W R Grace & Co.. Lexington, MA.
'4270A, Hewlett-Packard Co.. Palo Alto, CA

*Using a prezo d . meter, Berlincoun

13538A, Hewlett-Packard Co . Paio Alto. CA

Recerved January 13, 198°. approved February £, 1987

certain molded shapes. This type of composite is also easy to
fabricate and amenable to mass production. By using the right
kind of polymer, the composite can be made flexible to conform
to curved surfaces.

Early attempts to fabricate flexible composites with piezo-
electric ceramic particles were made by Kitayama and Suga-
waru,* Pauer,® and Harrison.” These composites were prepared
by embedding PZT particles. 5 to 10 um in size. in a polymer
matrix. An improved version of the 0-3 composite was fabricated
by Banno and Saito.* Rather than using PZT as the ceramic
filler, pure or modified PbTiO, was emploved because of its
greater piezoelectric anisotropy. The PbTiO, filler was prepared
by water-quenching the ceramic, thereby exploiting the high
strain present in the material to produce fine powders. The
average particle size was =S um. The PbTiO, powder was mixed
with chloroprene rubber, hot-rolled at 40°C into sheets 0.5-mm
thick, and then pressed at 190°C for 20 min under 13 kg/cm?
pressure. The composites were poled at 60°C in silicone oil with
a field of 100 kV/cm for 1 h. The hydrostatic voltage coefficient,
2. of these pure PbTiO, composites was found 10 be comparable
to that of PYDF polymer (100-10-'VmN '), and the d, value
was =35 pCN- .

Recently the sol-gel process has been used to prepare PbTiO,
powder for use in 0-3 composites.®'® The merits of sol-gel pro-
cessing such as high purity, molecular homogeneity, and lower
processing temperatures are obvious advantages over the con-
ventional mixed-oxide processing method ! In this study PbTiO,
powder was prepared by the coprecipitation method, and flex-
ible 0-3 composites were prepared by incorporating the powder
in a dielectric gel polymer.® Dielectric and piezoelectric prop-
erties of these composites are reported in this paper.

Powder Preparation

The PbTiO, powder was prepared by precipitation from an
aqueous solution, in which the reactants were mixed in one
molar stoichiometric quantities. The starting raw materials were
Pb(NO,).. TiCl, and NH,OH. The aqueous solutions were mixed
in the following order: first deionized water was taken in a large
container and heated to 45°C and the TiCl, solution was added.
After the solution was mixed, Pb(INO,). solution was added to
the container followed by the addition of H,O. solution. The
pH of the resulting solution was adjusted to ~8.95 to 9.25 by
adding NH,OH. The precipitated aqueous solution was washed
with deionized water and dried at 100°C. The dried material
was ground using a mortar and pestle and calcined at 900°C
for 1 h to yield highly crystalline PbTiO, particles with a very
narrow particle size distribution. Figure 1 shows the complete
flow chart of the procedure used to prepare PbTiO, powder. The
SEM micrograph of the PbTiO, powder prepared by coprecip-
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' A Drying (100°C) Fig. 2. SEM micrograph of the PbTiO,
.-‘.a powder prepared by the coprecipitation Fig.3. Intensitiesof 002 and 200 XRD peaks
-‘:- method. (bar=10 zm) as a function of applied voltage.
e
"
_‘;\ Fig. 1. Procedure used for preparing PbTiO,
o powder by the coprecipitation method. before and after poling to detect the possible contribution of
( domain reorientation or the rotation of the single-domain crys-
~ itation method is shown in Fig. 2. It can be seen that the particies tallites during poling. There is a possibility that fine crystallites
A are almost spherical with average particle size of =3 um. produced by the coprecipitation method are single domain but
A0S randomly oriented within the polymer matrix before poling. In
':w. Composite Preparation this case. polarization will occur with a movement of the single-
.-: domain particles themselves so as to align the polar axis of each

To prepare the composite, PbTiQ, powder was dispersed in particle in the direction of the poling field. The intensities of
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a dielectric gel polymer and then mixed by hand with a spatula
for =10 min. The volume fraction of PbTiO, filler particle in
the composite was 67%. The mixture was then placed in a mold
and the composite formed under a pressure of 15 000 psi (100
MPa). After the composites were cured at 80°C for =10 h,
they were polished lightly to ensure that the faces were parallel.
Electrodes of air-dried silver paste were applied to the surfaces
of the composite. The samples were poled at 75°C with a field
of 100 kV/cm for 30 min. All the samples were aged for at
least 24 h prior to measurements.

Measurements

The capacitance and dissipation factors were measured at 1
KHz using a multi-frequency LCR meter." The d;; coefficient
was measured dynamically? at a frequency of 100 Hz.

The d, coefficient was determined by the dynamic ac tech-
nique. An electromagnetic driver was used as an ac stress gen-
erator to apply pressure waves to the sample and a PZT stan-
dard, which was also under a static pressure from the hydraulic
press. The charges produced from the sample and the standard
were buffered with an impedance converter and the voltages
produced were measured by a spectrum analyzer.t The ratio of

002 and 200 peaks for the samples at increasing electric field
up to 100 kV/cm are compared with those for the unpoled
samples in Fig. 3. A complete reversal of the intensities of the
two peaks at 100 kV/cm indicates that almost saturation poling
has been achieved. This behavior also indicates the reorientation
of 90° domain walls or the rotation of single-domain crystallites.

The dielectric and piezoelectric properties of composites are
summarized in Table I and compared with those of composites
prepared by using PbTiO, powder prepared by different pro-
cessing methods.!’ The dielectric constant of the composite pre-
pared by the coprecipitation method is comparable to that of
composites prepared by the sol-gel and mixed-oxide methods.
The piczoelectic d,;, d, and g, cocfficients of the composites
prepared by the coprecipitation method are about two times
larger than those of composites prepared by other processing
methods. This difference is probably due to the greater purity
and approximate spherical geometry of powder prepared by the
coprecipitation method. The values of g, and d, of the 0-3 com-
posites prepared by the coprecipitation method showed no pres-
sure dependence up to 1000 psi, as shown in Fig. 4. These
composites also showed no significant aging, as is clear from
Fig. 5, where no change in the XRD peak intensities is seen
with time.

the voltages produced was proportional to the d, coefficients.

552 @

L By accounting for the sample geometries, the d, cocfficient of
A the sample was calculated. The hydrostatic piezoelectric coef-
' ficient g, was then calculated from the relation, g,=d,/eok. ] I R B 12¢
e
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e The intensity ratio of the 002/200 X-ray diffraction (XRD) 5 sor 1 8
'S peaks from the surface of the composites was monitored both e N — J =
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i 30k 1
s Table I. Dielectric and Piezoelectric Properties of PbTiO,-Polymer Composites ! J )

o Prepared by Using Different PbTiO, Powder R T T P TN
:-‘j PbT10. filler Vol% d, d, 'y dg. PRESSURE (PSI)

N prepared by POTIO, K. (pCN-) (pCN-")  (10-'VeN")  (10-7miN"") Ref. Fig 4 on of )

::'\ Coprecipitation 67 50 60 43 97 4170 Present work 'g- 4. Variation of dy and g, with p(essure
o Sol-gel 0 S0 35 26 9 1530 1 (measured at 75 HZ) for 0-3 composite pre-
s Mixed oxide 70 45 25 13 1 430 i g::"’ by using coprecipitated PbTIO, pow-
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Summary

Lead titanate powder prepared by a coprecipitation method
yvielded highly crystalline particles with a very narrow particle-
size distribution. Composites were prepared using a dielectric
gel polymer with 67 vol% loading of PbTiO, powder. The XRD
of composites before and after poling indicated that almost sat-
uration poling was achieved in these composites. The composites
prepared using coprecipitated PbTiO; powder as filler particles
yielded the highest d, g, figure of merit for 0-3 type composites.
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Fig. 5. Eftect of aging on the intensities of
001 and 100 XRD peaks for a 0-3 composite
prepared by using coprecipitated PbTiO,
powder.
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FABRICATION AND CHARACTERIZATION OF A MULTILAYER PTCR
THERMISTOR®

B.V. HIREMATH*, R.E. NEWNHAM, AND AHMED AMIN'
Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802, U.S.A.

(Received for Publication September 27, 1987)

Abstract A method has been developed to decrease the room
temperature resistance of a PTCR barium titanate ceramic by
introducing internal electrodes in a configuration analogous
to multilayer capacitors. A multilayer thermistor containing
four (n=4) tape cast lavers of PTCR barium titanate was
fabricated with internal electrodes. A reference sample of
the same PTCR barium titanate without internal electrodes was
fabricated with the same external dimensions as those of the
multilayer thermistor. As predicted by theory, it was found
that the resistance of the multilayer thermistor is approx-
imately 16 (n2=l6) times smaller than the test specimen with
little change in the PTCR effect of the multilaver thermistor.

INTRODUCTION

PTCR Thermistors exhibit a positive temperature coefficient of
resistance with a steep rise in resistance as the temperature in-
creases. This anomalous change of the resistance with temperature
has: been used in a wide range of electronic applications. Im-
po.-tant markets for PTCR devices include television degaussers,
automotive electric chokes, motor starters, crankcase heaters for
refrigeration and air conditioning compressors, air heaters for
hair dryers, hair culers, food warmers, and a wide range of current
limiters. Annual worldwide production has increased to more than
108 units.l

The PTCR effect Is observed in semiconducting barium titanate?

with the resistivity increasing dramatically near the Curie tem-

fEngineering Research Center, AT&T, Princeton, NJ 08540.
“Texas Instruments, Inc., Attleboro, MA 02703.

tCommunicated by Dr. G. W Taylor
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perature. For many applications, it is desirable to lower the

room temperature resistance because the thermistor elements are

‘.)':-‘.)'. Wt

often connected in series with the circuit elements which are to
be protected. The resistivity of a PTCR device can be lowered by
altering the chemical composition,3 but only at the expense of
degrading the PTCR thermistor effect.

Thermistor devices are normally fabricated as ceramic disks
or as composite wafers. In this paper we discuss a method of in-
troducing internal electrodes into a PTCR ceramic in order to
reduce the resistance per unit volume without affecting the tem-
perature characteristics. The internal electrode configuration is
very similar to that in multilayer capacitors.

To illustrate the basic idea, we compare a single laver disk
thermistor with a multilaver thermistor of the same external
dimensions. The resistance of the disk thermistor (RD) is given

by equation (1)

[ns

o

RD = (l)

|

where o 1s the resistivity, t the thickness, and A the cross-
sectional area of the disk thermistor. For a comparable multilayer
thermistor made up of n active lavers, the total electroded area

is nA (neglecting margins). The thickness of each layer is t/n,
neglecting the electrode thickness. The resistance of the multi-

layer device (Rm) is therefore

R, = o(t/n)nA
R (2)

ol

.
»

C

n

s %
14

«
.

R

a3
The resistance of the multilaver is lowered bv a factor of 1/n”

with respect to a disk thermistor of the same external dimensions.
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MULTILAYER PTCR THERMISTOR 3

EXPERIMENTAL PROCEDLRE

Verification of the reduction in resistance was obtained from
barium titanate PTCR thermistors. Raw materials*, BaCOB. La203

and TiO, were batched according to the chemical formula
Ba99.97£a0-03rio3. Figure 1 shows a flow chart of the powder
preparation. The ingredients were rolled in a polvethylene jar

for about ten hours using zirconia grinding media. The slurry was
dried at 110°C for about four hours. The dried powder was calcined
at 1200°C for 2 hours using high density alumina crucibles. The
calcined powder is again ball milled for 8 hours and the slurry

was dried at 110°C for four hours.

Multilayer thermistors were fabricated in accordance with the
tlow chart shown in Figure 2. The same ceramic composition
described earlier was milled with a commercial binder** for 6 hours
in a polvethvlene jar. The slurry was filtered through a 100 size
mesh and deaired. Tapes were cast on a moving glass plate using
the doctor blade technique. Platinum electrodes were screen
printed on one square-inch tapes. Lamination of these tapes was
carried out in a method similar to that used in the multilayer
ceramic capacitor industrv. The binder burnout was carried out by
heating the samples at the rate of 4°C/hr to a peix temperature of
550°C and holding at the peak temperature for 2 hours. Total binder
burnout required about 120 hours. These samples were then placed
on a zirconia setter and sintered at 1350°C for one hour in air.

The heating rate was 200°C/hr. The samples were cooled in the
. furnace after sintering by switching off the power to the furnace.

The edges of the sintered multilayer thermistors were lightly
polished to expose the internal electrodes. Termination was carried
out bv coating the ends with a conducting silver epoxv and attaching
silver wire leads. The multilayer thermistor prepared in this

fashion contained four active ceramic lavers.

*Fisher Scientific Co., Fairlawn, NJ.
**(CB73115 binder, Cladan, Inc., San Marcus, CA.
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. l'l

@
A E L
U S

Fo

-

Ly C
s
D)

Ty vow

DTS
. -. l. -‘
W

-
]




L ool ~af Aok 420 ok 2w Sk Aok G Ran ok il ok Bal Sud Eal 2ok Sod el kadolal Atk Aelokal dhladiodadalaiiie

MULTILAYER PTCR THERMISTOR 5

Powder + Binder
Ball Milling/6 Hrs.

r
Deairing
I |
Casting - Doctor Blade !
Technigue
|
Cutting One
Square Inch
I
Multilayer Thermistor
Disk Thermistor 1
Screen Printing
Electrode Ink
|
|
Lamination Under
Vacuum, 65°C 1 PSl

|

Binder Burnout
120 Hrs. Peak Temp. 550°C

Sintering

13500C/1 Hr.
s Electroding
N T
i —L_ —-
L . .
) Disk Thermistor Multilayer Thermistor
2
®
N FIGURE 2. Flow chart for the preparation of disk and
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A reference specimen without internal electrodes fabricated
from four square tapes each one square inch in area. The four
tapes were stacked between two electrodes and laminated. Sintering
was carried out in a similar method to that used for the multi-
layer thermistor. The reference test specimen was essentially a
disk thermistor.

Resistivity measurements were carried out as a function of
temperature on both the disk and multilayer thermistors. The dc
resistance was measured using a Kiethley* electrometer. The tem-
perature was controlled by a hot oil bath and monitored with a
thermocouple. I-V characteristics were measured using a pico-

ammeter** at room temperature.

RESULTS AND DISCUSSION

The room temperature resistance of the devices was calculated by
measuring the slopes of I-V curve at low field levels. The average
resistance of the multilayer thermistors was 6.25xlO5 ohms whereas
the resistance of the disk thermistor was 1.02x107 ohms. The
resistance of the multilayer thermistor is found to be 1/16.32
times that of the test specimen in agreement with equation (2).

Figure 3 shows the variation of the resistance with temperature
of the disk thermistor and the multilaver thermistor. The multi-
layer thermistor displays a similar temperature characteristic but
it has only resistance 16 times lower than that of the disk
thermistor over the range of temperature measured. This work shows
that by introducing the internal electrodes into the bulk PTCR
ceramic, the room temperature resistance can be lowered without
deteriorating the PTCR effect of the bulk ceramic.

As shown in Figure 3, the change of resistance between room

temperature and 190°C is only about three orders of magnitude,

*Kiethley Electrometer Model H10A Keithlev Instruments,
Cleveland, OH.
**Picoammeter 4140B PA meter, Hewlett Packard, Palo Alto, CA.

P P R L e W ot ~
."','J‘ " mr ,‘h‘ NVJ;." < e
o " Ik il A

W AT ATy

\-'\.
MU X 0 W W .o K

LI R % L ]
,. .-J‘,\..ra‘.r .*f.r-‘.'-l‘. ,».r\..r.r.-.r.r



e,
LAY §
F‘. ",l’j‘. ;

] ‘I .' .- .‘
R

f
RN

-
ot
A

IIAI' L.L(}

=l

VI A

Ze
Na

37N\

~

1

S ST
S AL S

~

«
.Iﬁ
o -

R

. T 4
U
1

L)
)

O ;,-.Aw .
AL

¢

..Q
‘e

w l_.l‘l;'..-u

2 a
o S

S

.- A e
jﬁ:’~a:*:f{fcfkfh1\f AN,

"y

Resistance (ohms)

1010

10°

108

107

1068

MULTILAYER PTCR THERMISTOR 7

Disk PTC

Multilayer PTC

l i L [ L I 'l L L 'l

J

100

Temperature in °C

FIGURE 3. Temperature variation of resistance of disk and
multilayer thermistors with some external dimensions.

R L T g A e T A Sy




Lah At ath a A acl ol £ A Atk ol afd

8 B. V. HIREMATH, R. E. NEWNHAM, AND A. AMIN

somewhat smaller than the increase observed in commercial therm-
istors. This is because the powder processing and sintering
condition of the samples were not optimized to obtain six or seven
orders of magnitude of resistance change as reported 1in the
literature.2 The main emphasis of the work is to show a method of
reducing the room temperature resitance by introducing internal
electrodes in a PTCR ceramic.

Comparing the current-voltage characteristics of the test
disk and the multilayer thermistor, the I-V relation for the disk
thermistor is more ohmic than that of the multilaver thermistor.
The disk thermistor did not contain internal electrodes whereas
the multilayer thermistor had four internal electrodes. The non-
ohmic behavior of the I-V characteristic for the multilaver therm-
istor can be attributed to the effect of the internal electrodes.
In order to improve electrical contact between electrodes and the
ceramic layers, a fugitive electrode technique has been investi-
gated.& In the process, porous layers are created in the sintered
ceramic and then the porous layers are backfilled with electrode
materials, thereby avoiding the cofiring of the ceramic and electrode
materials. With the fugitive electrode technique, it is possible
to use base metals or conducting oxides as external electrodes,

thereby enhancing ohmic contact.

CONCLUSION

This work showed that internal electrodes in PTCR ceramics lower
the room temperature resistance without deteriorating the PTCR
effect. This technique can be used where the resistivity of the
bulk PTCR ceramic cannot be reduced further by changing the ceramic
composition.

Usually PTCR disks are manufactured with aluminum, aluminum
copper alloy or nickel as electrodes which form ohmic contact with
the ceramic. Palladium-based thick film pastes have also been

developed for this purpose.) In our work we have used platinum as
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internal electrodes because the electrode and ceramic layers were

cofired in air. In order to use Al or Ni as internal electrodes,

the fugitive electrode technique4 can be employed.
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ABSTRACT  Photolithography and chemical etching were investigated as a potential means of
fabricating miniature piezoelectric devices. Among the acids studied, concentrated
HC1 demonstrated the fastest etching of PZT disks over a wide temperature range.

(2
1S

» f .
AN HC! also proved to be compatible with some commercially available photoresists
TS and so could be incorporated into a simple processing procedure for delineating and
¢ (, etching patterns in the ceramic.
. Using this technique, flexural mode resonators similar to tuning forks were
- ,\ generated with fundamental resonances between 10 and 115 kHz. These devices
fe were then used to provide simultaneous measurements of the density and viscosity
N of liquids by monitoring the position of the resonance frequency and the width of
ooy the resonant peak, respectively.
o,
‘ MATERIALS INDEX: lead zirconate titanate (PZT)
o
Y Introduction
g
::J'::. The advent of the microcomputer was presaged by the development of a fabrication pro-
O cedure which permitted the semiconductor industry to mass produce miniature elecronic devices.
® This technology, and hence the whole realm of integrated circuit manufacture, hinges on the ability
AN 1o create very fine parterns on the surface of a silicon wafer by selectively removing minute quan-
YN tities of material. In order to accomplish this, a multi-step process is employed wherein a pattern
g masking portions of the wafer surface is first delineated so that unprotected areas can later be
- etched away (1). The process, pictured in Fig. 1, is thus largely analogous 1o the production of
b pictures by the printing plate method. This technique was adapted to piezoelectric ceramic trans-
L ducers because miniature devices of these materials could be useful as sensors or actuators.
!_ . The design chosen to test this processing procedure was a flexural mode resonator. In this
A study, four cantilevers, arranged around a center bar so that the whole looked like a capital "H",
S were etched out of a sheet of PZT poled in the thickness direction. With one face electroded as
A demonstrated in Fig. 2 and the other completely metallized and allowed to act as a floating elec-
trode, anti-parallel electric fields were established in the two halves of each cantlever. Due to the
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FIG. 1: FIG. 2:
Fabrication process Electrode pattern for flexural resonator

converse piezoelectric effect €, = d_E. (2), a strain field arises in which one half of the leg expands
while the other contracts. This fulflll{ the condition for flexure, and the cantilevers wag in the
horizontal plane. By utilizing four cantilevers arranged so that they are symmetric about the center
bar, the root of each cantilever is effectively clamped by the notion of the others. This then per-

mits each of the cantilevers to act as though fixed on one end.
Density Meter

Whenever a transducer is excited in a fluid medium, an effective mass is forced into oscilla-
tory motion. This quantity includes contributions from the transducer itself, i.e. the piezoelectric
and the electrode, and an additional term known as the radiation mass due to the displaced fluid
surrounding the ceramic. For vibrations in air, this radiation mass is very small, and so in many

circumstances is considered negligible. In the case of a transducer vibrating in a liquid, however,
the weight of the disturbed fluid cannot be neglected and so the effective mass is far higher.

As an approximate treatment of the effect of the mass-spring damping on the system,
consider the resonance of the transducer in air to be undamped (a valid assumption for a high Q|
transducer) so that it follows the equation

2
m— + sx =0
dt

(3) where m is mass, x is position, t is time, and s the spring stiffness constant. Solution of this
equation gives the resonant frequency in terms of s and m:
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(3). For vibrations in air, m includes only the mass of the transducer and the resonance can be
expressed as

1 s

for B = constant and lp ramic = density of the ceramic. When the oscillator is immersed in a liquid,
however, the mass o the mansducer is augmented by that of the displaced fluid, m, so that

1 s

f =—
Since y = Axpy andm =B xp ., for A and B constant, the equation can be expressed as

f =1 S
I Apml +Bp .

l * +
-13 =A Pig* Bp__ .
T
when A, the wavelength of the vibration in the fluid, is much greater than the size of the transducer
(A' and B’ are constants). If this last condition is not fulfilled, the transducer can no longer be
considered a point source of radiation, and m, becomes frequency dependent. For cases in which
the equation does hold, however, it is clear that a plot of f,* versus Piq should yield a straight line.

f =

1 4

From this treatment it is expected that a flexural mode resonator would undergo shifts in the
resonant frequency when oscillated in liquids of different densities. By calibrating this change,
the device can be used as a density meter.

Yiscometer
In addition to the effect of fluid on the value of the resonant frequency, the nature of the
surroundings also influences the shape of the resonance peak, and hence Q_. Previous work

utilizing this effect has hinged on monitoring the amplitude of vibrations for torsional or flexural
mode quartz resonators immersed in various fluids (4-6). In this study, an alternate functional
dependence of the viscosity on the width of the resonance peak is derived which is applicable to
the geometry utilized for density determinations.

_ Toderive the effect of the viscosity of the liquid on Q_, consider the wave equation (3,7)
written as

520 82u P Su
=3 = q— + M5 (=)
& et 8 &t

where p = density, u = displacement, t = time, q = real elastic constant, and n| = coefficient of
viscosity definedasnn = v' + "IV" where v' = volume coefficient of viscosity and v" = shear
viscosity. For harmonic oscillatons

N

which, when substituted into the wave equation, gives
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Fu B ||, im0
Pz =779 1+
5" & q
With the elastic constant rewritten as a complex quantity,

1
q* =q(l+jtand) = q( 1+ j)
Q

(8) it is clear that
ne _ |1

Qe " qQ,
This final equation suggests that a piezoelectric resonator should make an accurate visco-
meter. Thus, with correct calibration, analysis of the resonance behavior (peak position and peak

width) of an oscillator vibrating in a fluid should simultaneously provide measurements of the
density and viscosity of the liquid.
Experimental Procedure

Poled PZT blanks were polished to the desired thickness using a series of ALO; powders.
Because the clarity of the photolithographic pattern was enhanced by smooth wafer surfaces, final
polishing was done with 3 um grit. Prior to applying the photoresist, the samples were spun on
an Integrated Technologies spin coater for 25 seconds at 2000 rpm to remove dust. Then, work-
ing under yellow lights to prevent dpncmaturc resist exposure, enough resist was placed on the
surface to cover 2/3 of the disk and the spin cycle was repeated. The second face was coated in a
similar fashion. All samples were then placed in a light tight container and baked for 20 minutes at
80°C. The dried photoresist was exposed under an array of white light bulbs for approximately
25 minutes using a 35 mm film negative as a photomask. Shipley Microposit $1400-27 positive

photoresist was chosen for use because it was capable of withstanding the attack of the most
promising etchant, HCl, for over an hour.

After exposure, the wafers were developed in a dilute Shipley Microposit Developer for 1.5
minutes 10 remove exposed areas. They were then post-baked, usually for 50 minutes at 80°C to
further harden the remaining resist.

Following patterning, the disks were placed in a bath of warm concentrated HCl for etching.
In order to remove reaction products from the surface and so present fresh acid to the cavities (1),
it was necessary to agitate the liquid. Once the pattern was completely etched, the piece was
rinsed in distilled water and the resist was removed with a spray of acetone.

Electrodes were hand-painted on to device surfaces using an air-dry silver paint; any neces-
sary electrical connections were then made by gluing silver wires to the silvered surface with a
conducting epoxy.

Resonance frequency data, including capacitance, conductance and impedance values, were
collected using a Hewient Packard 4192A LF Impedance Analyzer interfaced to a personal compu-
ter. Flexure mode "H" cantilever devices were suspended from the sample holder by wires af-
fixed to the center bar so that they hung freely in a liquid bath. These same wires also served as
electrical connections. In order to minimize hysteritc effects caused by subjecting a ferroelectric
to large alternating fields, oscillation voltages of 0.1 volts were utilized throughout these experi-
ments. Resonant frequencies were determined by taking the maximum value in plots of conduc-
tance versus frequency. To monitor the peak width as a function of viscosity, plots of capacitance
versus frequency were examined and frequencies f, and f,, the maximum and minimum capaci-
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Il wance values respectively, were determined to the nearest 0.01 kHz. The difference f, - f; was
! :.a: then used as the peak width at half height. Reference viscosities, used as "true” viscosity values
%) for each liquid were determined using a Brookfield model LVF Viscometer.
'\'.'\ R
: "r“ As predicted by theory, vibrating an "H" transducer in liquids of disparate densities caused
AYN marked changes in the resonant frequency. This trend is illuminated in Fig. 3, where f ‘2 is plotted
; ‘-::'\ as a function of the density. Error bars given for the y axis data points arise from the fact that
! :./-: peak broadening obscured the exact resonance frequency. Within these limits, however, the data
. points were reproducible.
ey The graphs in Fig. 3 illustrate a good fit to the predicted linear correlation between f,2 and
f‘-: the density. It should be noted, however, that the least squares fits to the lines (given immediately
o above the graphs) do not extrapolate to the resonant frequency of the device in air, implying that
P the meter would be applicable only above some lower density limit. It was also found that mea-
AN surements taken with ~18.8 and ~37 kHz transducers were more accurate than those derived from
So% wansducers oscillating at 10 kHz.
: - Despite the adherence of most of the points to the prediction, it is also clear that some of the
data deviate significantly from the line. Potental causes for this behavior are numerous. For
D example, moderate electrical conductivity caused peaks to shift too far below the readings in air,
while high conductivity caused peaks to shift rapidly and erratically with time. This problem
could easily be eliminated by coating the transducer with a thin layer of compliant plastic to elec-

. trically insulate it. Attempts of this kind were made, but it was difficult o attain a truly imperm-

- cable layer of Eccogel-0. Waterproofing of parts is, however, common industrially and would

] probably not constitute a major obstacle. A second problern which could prove more insidious

- results from the fact that the theory assumes that the transducer is a point source radiating into an
infinite medium. This impases several restraints on the sizes of both trensducer and container and
is considered more thoroughly in the following section.

Poential G ic Limitas

The theory which predicts a linear change in f 2 as a function of density is derived for a point
acoustic source radiating into an infinite medium. f’mctically, this implies 1) the resonator size

.l .I .l ‘.
. Wt

a
R T

OB

A A : :
4'_-: should be much smaller than the wavelength of sound in the medium: size << l/6 A
K 3‘ N 2) the resonator should be surrounded with 2-3 wavelengths of liquid on all sides.
': Unfortunately, it proved difficult to simultaneously satisfy both conditions in the case of
o flexure mode resonators. Although the 10 kHz transducer with cantilever dimensions of 7.5mm x
.‘ 1.5mm did just fulfill the size requirement, the quantities of liquid used in measurement were far
Syl o small, particularly in those cases where v approached 2000 ™,. This could account for the fact
} _p.'j, that better data were obtained for transducers with higher frequencies.
|

j‘: There are two potential means of sidestepping this problem. The first is to manufacture a
f{d transducer which approximately fulfills the requirements for a wide range of acoustic velocities

! S (900-2000 ™;,). This would probably require a transducer with an intermediate frequency (i.e.
TN 40-50 kHz) which had a maximum dimension near 4. 5Smm. Preliminary attempts were made to
o fabricate a resonator with these specifications, but the bars were too thin to permit painting the

e split electrodes by hand. A second method by which these conflicting restraints could be circum-

' vented is to utilize a series of transducers, each of which fulfils both requirements for a limited

. range of acoustic velocites.
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e @ ®)
o
oA FIG. 3:
i‘ Relation between resonant frequency and density for (a) 18 kHz hard PZT transducer with
i dimensions of 1cm x 2mm x 0.2mm and (b) 37 kHz soft PZT transducer with dimensions
‘OO of 6mm x 2mm x.0.2mm
o
o Relation B Viscosi 1 Peak Widd
L. As predicted by the theory, Fig. 4 shows the width of the resonant peak to be directly pro-

portional o the viscosity. It is interesting to note that for Fig. 4(b), the least squares fit to the line
does not extrapolate correctly to the value obtained for Af in air (Af = 0.036 kHz in air). Conse-

9,

~ quently, since a knee in the curve must appear at some viscosity, it is not surprising that values for
N n ~ 1-2 cp (black diamonds) do not fit the curve. Above this cut-off, however, the device seems
L to be at least as reproducible as the Brookficld viscometer. Again, data taken at ~18.8 and ~37
o kHz were more accurate than those derived from a 10 kHz transducer.
o
3* Conclusions
o
o PZT disks fabricated by conventional techniques were prepared for patterning by polishing
" with 3um grit and spin-coating the photoresist onto the wafer. After soft-baking to remove the
- solvent, the resist was exposed through a high contrast 35mm film negative patterned with the
r:- negative image of the final device. Wafers were then developed, post-baked, and etched to
¥ wansfer the design to the PZT.
]
- Using this technique, several small piezoelectric devices were prepared from thin (~0.2mm
. thick) ceramic disks. The flexural mode transducers consisted of four cantilevers arranged around
e a center bar so that the device looked like a capital "H". By varying the geometry, fundamental
il resonances between 10 and 115 kHz could be generated.
o
NS "H" transducers were then used as density meters by tracking the change in the resonant fre-
® quency during vibrations in different liquids. Plots of f,"* versus p were linear for the density
2%
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y =54.963 + 0.432x R =0.99 y =73.088 + 0.935x R =0.99

peak width x 100 in kHz

>
:.I

Peak width x 100 in kHz

._‘ 1P
::’ o A L L A A A ) i o " 1 N
0 100 200 300 400 500 600 0 100 200
-~ Viscosity in cp viscosity in cp
() ®
FIG. 4;

Relation between peak width and viscosity for (a) 18.8 kHz hard PZT transducer with
dimensions of 1cm x 2mm x 0.2 mm and (b) 37 kHz soft PZT transducer with dimensions
of 6mm x 2mm x 0.2mm

range of ~0.78 - 1.3 &/ 3. Nevertheless, there are some outstanding questions conceming the
sizes of the resonator and the fluid bath required for the most accurate operation of the meter.

Measurement of the viscosity of the fluid medium could also be made with an "H" trans-
ducer. 1t was found that due to the attenuation of sound radiated into the liquid, the peak width
decreased in direct proportion to the viscosity. The device appeared to be similar in accuracy to
the Brookfield viscometer used for calibration.

The advantages this type of configuration offers over previous work include the fact that a
single run of data can be used to simultaneously determine the density and viscosity of a liquid.

Furthermore, utilization of the microfabrication technique has significantly reduced the size of the
transducer, permitting operation of the device in small quantities of fluid.
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w RESONANCE MEASURING TECHNIQUE FOR COMPLEX
x.: COEFFICIENTS OF PIEZOELECTRIC COMPOSITES
( Q. C. XU, A. R. RAMACHANDRAN and R. E. NEWNHAM
Lo Materials Research Laboratory
L The Pennsylvania State University
".:_{ University Park, PA 16802
0N
- ABSTRACT
<
:'.'_- Composite electroceramics have found a number of applications, e.g., in medical imaging and for target
j_‘{ location. Tradaitional measurement procedures are not easily adaptable for characterising these materials. Two
_': techniques based on the resonance method have been devised for the present purpose. One is for measuring the

real coefficients based on the lumped circuit equivalent. The other is for complex coefficients and is based on
an analytical solution for a single mode. Expressions for conductance vs. frequency, capacitance vs. frequency
and Q are derived. Experimentally obtained values for the complex dielectric, elastic, and piezoelectric
coefficients of 0-3 composites (NTK-306. Japan), 0-3 fired composites (Penn State), PTBF 0-3 composites
(Celanese), and polyvinylidene film (Raytheon) are presented.

-

PR XN ﬁl,

S 1. INTRODUCTION
N
i :-:: Composite electroceramics have found a number of important applications [1]. Many of the
e piezoelectric composites exhibit lower Q_, and Q, than ceramics and exhibit electromechanical properties
o which vary rapidly with frequency. Thus the tradmonal measurement methods such as the IEEE standard [2]
and other techniques used for ceramics {3,4] are difficult to apply in the case of composites. Quasistatic
D ; methods are limited to very low frequencies (< 100 Hz) [5]. A resonance method has been used in measuring
| :: the real part of the piezoelectric coefficients of polyvinylidene fluoride (PVDF), but electrical loss was
o neglected 16). Consideration of this loss is important in composite materials [7].
iy Knowledge of the complex coefficients is of importance in several areas including medical imaging [8],
' accurate target location [9], and transfer function determination between electrical and mechanical signals. For
» these problems, it is necessary to know phase information in addition to amplitude data. From the viewpoint
o of materials science, the imaginary part of the property coefficients relative to the microstructure of the
'.',-". material, provides a fundamental understanding of loss mechanisms. Techniques for determining the complex
{ :-‘,: coefficients of piezoelectric ceramics based on admittance measurement at three frequencies have been used for
- more than a decade (10-12], but there are difficulties in applying these techniques for low Q composites.
D, Koga and Obigashi (13] measured the electromechanical properties of PVDF by the admittance fitting mcthod
«‘.." assuming that hy4 is real as done by Ikeda [14], but this assumption needs to be verified by experiment.
[~ In this paper, two techniques based on the resonance method are described; one is for measuring the real
T coefficients based on a lumped equivalent circuit representation, the other is for measuring complex
f coefficients and is based on an analytical solution for a single mode. Expressions for conductance vs.
_j frequency, capacitance vs. frequency and Q are derived. Experimentally obtained values for the complex
p dielectric, elastic, and piezoelectric coefﬁcnents of 0-3 composites (NTK-306, Japan), 0-3 fired composites
(Penn State), PTBF 0-3 composites (Celanese), a1d polyvinylidene film (Raytheon) are presented.
hl
:-‘.; 2. REAL PARAMETER MEASURING TECHNIQUE
i (a) Analysis of Admittance
g. When piezoelectric characteristics are determined using an equivalent circuit with lumped parameters
. (Fig.1), the results are valid only near the resonant frequency of a single mode. For very high
b7 electromechanical coupling coefficients, harmonic circuit elements should be included in the dynamic branch.
.','
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e 1
b‘ M\ i
. T
Ko, J- ! % Ly
e |
': . Ce Rc : cl
( | {R,
oy !
\ t
::' Stattc branch ! Dynemic branch
oy ,
|
» [
; W G, B, { G. By
3 "]
t ¢ \‘n }
AN f
t,‘ I
I
1
) )
:f Figure 1 Equivalent circuit of a single mode piezoelectric resonator.
23
o
'
® The admittance is given by
A R (oL~ l/aC,)
e y | ©C an 8.+ — ! 7 |+j]9Cm = ! ! :
: : Rl + (le- l/(lfl) Rl + (le— l/C l)
X (D
: ‘ =G+B=(G,+Gy)+j(B+B)
;: where G is the conductance and B, the susceptance. Subscripts o and d refer to the static and dynamic
bes contributions respectively; thus,
o
:) G,=oC tan 5, ¥))
L) a J
N
< R, Gy
o G el T = > - 3)
) R} + (@l - 1eC)”  1+Q (@He?) (0w ~1)
‘.' where G 4 = I/R| is the dynamic conductance when f=f andf = 172xV (L 1Cy), ie., the series resonance
- frequency;
N
b In the case of the susceptance, the static and dynamic parts are respectively,
° B, = o€,
B
w and
Y4
L (L~ V/aC,) (1 - 0¥ad)
o By=- = aC, > > T
: 2
° R + (6L~ 1aC,)? (@0 (1QE) + (1 - o))
;:
-\,_F From Eq. (1), it can be seen that if the loss component R, or R, “lis high, Y is dominated by the static part,
e (G, +jB,). We have to subtract the static contribution from Y to obtain the dynamic part, (G4 + jBy). The
>
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"

o

':: capacitance vs. frequency curve is represented by (see Fig. 2)

!’"

o) B +B (1- ) C

A -
( ® @ed) (1/Q) + (1 - 0¥w))

' s

...‘\

‘_\

- ,

:: From Egs. (1) - (3), we obtain the G(f) curve near fs (see Fig. 3). The dotted line represents Go.

" When f = f,, we obtain

1

& Gy=G,y=1R =0 C rmd , (6)
-

o = =
N Cvo-Gm-(.osCow.nSe . @)
( N () Determination of Low O  Values

" can be evalual m the or curves. From Eq. (5), C = C_ at ® = w_. By equating

' Q,, can be evaluated from the C(f) or G(f) FromEq. (5),C=C, s+ B i
; b’. dC/dw to zero, we can get the extremum frequency values f," and f,’ (see Fig. 2), corresponding to the
o maximum and minimum capacitances respectively, and thus obtain
i, N.

.-.-

=010,

Vs PR
3 arey ..',/,I.f.n‘."c'-.v'

172

f,=(1+1Q) “f,

where

Qm=sz/{<f2 +f)(E -f, )} . ®)
However in the case of low values of kaz, f," and f,' cannot be obtained exactly from Fig. 2 because of the
broadened nature of the curve near f;' and f,'. Under these circumstances, Q_, can be estimated from Fig. 3

even though the G(f) curve does not have a sharp narrow peak. From Eqs. (3) and (4), we can see that there
exist two frequencies f,, f, which satisfy the following relations:

@L,-loC)=-R/N; @L -lVaC)=R/N . o)

Fd

1N

[h * -
:}r.’ In these expressions, N can be any positive real number. This leads to the result,
MJ'
N 2 2 2 2
:: G(f) = G(f,) = Rl/{RI (1+1/N )} =N Gm/(N +1). (10)
o From Eq. (9),
Ly
b © = (@/2Q) ,/(‘1/N2)-4Q2 -UN
N 17 W Qm m
o
e
. 0, = (@ 2Qm)( ,/ (UNS +4Q2 + N )
P 'l':
e
o Q,=f,/ (f,~f)N 4 (11)
'-::' According to Eqs. (10) and (11), if Qm is small, i.e., the peak in the G(f) curve is broad, N will take on high
. ° values such as N = 3, in obtaining Q..
2
W
R
.‘*-
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(© Parameters for 2 Disk-Shaped Sample

(1) Relationships for the TE mode
2 2 212
fy=fog : Cy= VORQY ;K =EAC/CY: V=20 [(1-K) " ;
D 2.5 _ 2. S
Cyy=pV"; 533‘C0T/‘§‘D e tan § = Gm/msCo

and =1/Q,

D s
3=k Cu§36,

s
hyy =5/ (&3 €)
The parallel resonance frequency, fprE is given by,

2
forg = foge / (1- 8K/ =H)V2 .
(2) Relationships for the radial (PE) mode (2]
fo=fss Cpp=1/ 0GR Q + V=aDfg /R,
S 2
€3p = CopT/ (D) ; a8, =G,/ @xf,C,)

E vl . cE _ E
Sy=1/pt-a) vy ; 5, =-S5\ 0
Defining ’

P= 2(1+o)/(R,2-(1-02)) and P =C_/C_P;

k, ={1>1/(1+P1)>”2

From measurements performed on the disk shaped sample which is convenient to fabricate, the following
coefficients can be calculated.

we get,

12
k31=kp((l-o)/2)
T s 12 T
&y3p = &5,/ (1= k:) P By =y /(& €)
T E
dy =ky, / (€, Sy g)'"?

o=+ 283"
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E 112
)

i3 =kyy (E;.s Sii&
833 = 433/ (%Ts g)
d, = dy3 +2d;,
SE: (2an + 553) * (28?2 * 43]53)
b= 4,/ 858"

It is necessary to measure the second harmonic frequency f2$p in addition to fspin order to obtain
the Poisson ratio, 6. (2,14,15] (see Table 1 and Fig. 4).

» } ;"J"J\J")"J o r;; ;E

Hydrostatic coefficients:

TABLE 1.c VS.R; AND fzsp / flsp FOR THIN DISK

e R, Ry/Ry
0.25 2.0172 2.6669
0.26 2.0236 2.6595
0.27 2.0300 2.6520
0.28 2.0363 2.6447
0.29 : 2.0426 2.6375
0.30 2.0489 2.6304
0.31 2.0551 2.6234
0.32 2.0612 2.6165
0.33 2.0674 2.6096
0.34 2.0735 2.6029
0.35 2.0795 2.5963
0.36 2.0855 2.5897
0.37 2.0915 2.5833
0.38 2.0974 2.5769
0.39 2.1033 2.5706
0.40 2.1072 2.5643
0.45 2.1380 2.5342
0.50 2.1659 2.5059
0.55 2.1929 2.4793
0.60 22192 2.4541
0.65 2.2443 2.4304

R, is the root of the equation: X (x)J X)=1-0

It should be noted that in some composites such as the NTK-306, the apparent velocity varies rapidly with
frequency, and in this case the Poisson ratio can be obtained from a bar sample and a disk sample driven near
the fundamental resonance frequencies. The fundamental frequencies of the two samples must be reasonably
close to each other.
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o
b~
! ::4
"‘-::f ==
D { ! HP-4192 HP-9121 HP-9872A
o] : :a: impedance Computer Plotter
{ . ¢ Anslyzer
) R c
:::o 4 Sample Interface
.:‘ Holder
e
dolah HP Thinkjet
') HP-9000 Printer
s Scope
-*' ¢
i
Povs
P
E::“ Figure § Schematic diagram of the measurement technique.
)
B (@ QOther Modes
® .. . .
> In principle, other vibrational modes, such as the LE (3-1) mode, the LE (3-3) mode and shear modes can
'.:; be excited and studied by methods similar to those described above but require suitable sample geometries.
Lo For very low Q, (< 5) composite samples like the NTK-306 0-3 composite, the shear mode is very difficult
"R 1o excite becausc of the very high damping coefficient.
3
( (¢) Experimental Resuits and Calculations
R .'.\.
y ﬁ: Four different piezoelectric samples were studied and their coefficients were evaluated using the technique
Y described above viz., 0-3 composite (NTK), fired 0-3 composite (PSU), 0-3 PTBF composite and PVDF
b films.
)
.-‘ l.

[4

Figure 5 shows a block diagram of the measuring apparatus.

The samples were suitably electroded to minimise problems of surface resistance. Figure 6 shows the
G(f), C(f), and ¢(f) curves near the radial and thickness resonance frequencies. The ¢ (f), (¢ = tan” (B/G)]
curve is helpful in determining f,. A computer program was written to calculate the dirferent coefficients. The

A

! ::'.'_': coefficients for the fired 0-3 composxte disk (PSU) and PTBF 0-3 composite (Celanese) were evaluated
A -~ similarly. Figures 7 and 8 show their G(f), C(f) and ¢(f) curve for these samples.
A Thick PVDF film samples (T = 540 um) were also studied (see Fig. 9). Thin PVDF film samples (T =
. !‘_ 50 um) were excited only in the LE (3-1 and 3-2) mode. Another computer program was written to calculate
-N_.:- the coefficients in this case. It was necessary to mount the thin film sample carefully so that it was straight
X -»E-L and unconstrained. Experimental results for thin PVDF sample are shown in Fig. 10.
%
/ N'_;-I 3. COMPLEX COEFFICIENT MEASUREMENT TECHNIQUE
o
_\”_';" (a) Relations for the Thickness Mode of 3 Plate (TE)
, :}'j::f We assume that all of the dielectric, elastic and piezoelectric coefficients are complex, so that
(R
e * . . _
s C,=C/(1-jD) ; D=tn 5, (12)
¥ '7;
: n:i:a
g
e
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Figure 6 Experimental curve for NTK 0-3 composite.
Journal of Wave-Material Interaction, Vol. 2, No. 2, . ril 1987
X 112
N:" """" B T WA ) W T N R OO WY W R
B A e e 2 T S R R A AR AT S o NN T DR

T » T B! ) i B TN N,
M !.. !’l !'v.. f} !h'?'e.!.u‘. !.-Cr.!. 5 ?’:



a0 B Ala Al 'Bts Ate Aba . 1 “a A% . a8 ' A el el ‘e YRR Rt B0 2 p ¥ Bl et Ba°

Xu, Ramachandran and Newnham Resonance Measuring Technique for Complex Coefficients ...

- 160
45E-5 TE mode TE mode

t G (v) ..-": C (pF)

Ro .5SE=5 152 '
s 300 700 300 700
f (kHz) f (kHz)

Wy .-l -
:‘;:f 48 _TE mode SE-6 PE mode .~

X o
S

G(v)

S

.,

L

........
oo
qu o0

_ g

-1.52 26-6 L~
30 80
f (kHz) f (kHz)

175 =-1.500

— e

ELL S
e

(4]

O

(o]

ﬂ

(@]

(@]

3-.'

Z
o
m
3
o
a
®

PE mode

23V

C (pF) Y @

-------
.

T T Ny e
-\sII

o
[ f’_g,
k3

s
L4

p

l 65 - ',5 l 3 .."'-...,\....-m-..
30 80 30 80

f (kHz) f (kH2z)

£ r l‘ ¥
98 HY s

S

@

R s

-

o  —
-’

Figure 7 Experimental curves for fired 0-3 composite.
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Figure 8 Experimental curves for PTBF 0-3 composite.
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®
P Coy =Coy(1+j1) ; J=tan8_ 13)
2y and
o k =k (1+P). (14)
,:"' The impedance of the thickness mode is
.'.:: . * ‘2 ] ]
b z=(1/,coco)(1-(kl tanb /b )) (15)
'. ' where,
! [ ] ]
\._.‘ b =(wl/2V).
4 Since D?, 12 and P2 are much lesser than 1, the following equations hold with sufficient accuracy. (As
1 long as D, J and P < 0.5, the error is less than 0.14%).
1 - L ] 1/2
?:::, =(C?3/p) =(c;’3/p)(1+j(1/2))=v(1+j(1/2)) (16)
v :$: . . .
o = (@T/2V)) = @T/2v)(1-5J12)) =p (1-§(J/2)) amn
®.- 2 2
i k=K (1+2jP). (18)
"‘_ : Substituting Eqs. (12), (16), (17) and (18) into Eq. (15), we have,
e Z=R+jX
!
( where,
R | o iy L0+ ) b®112) -+ (1/2) + 2P) (1 - ta(b) 1 2) tanb]
N oC, ‘ [1 + tan’b tanh (bJ / 2)]
S

(19a)
1 {l+(kl/b)[l —tanh® (bJ /2) tanb + (D + (J /2) + 2P) tanh (bJ / 2) sec’b]

X = e
oC [1+tan’b tanh® (bJ/2) ]

@ Ll eLs,

ERAA NN

]

(19b)
Eq. (19a) can be rewritten as,

r"f 7
. .. l.‘

OCR;-D=0 =K m-By)/x, 0)

14
‘.}C’C’-_'.-

where,

"‘ -‘; . v

%, =, (1 +tan’b, tanh (b1 /2)) @1)

A

ﬂ‘\\': :-:-'
Lot ol o i Sl

¥, = tanb, (1 - tanh” (bJ /2)) 22)

.
1@

30
AP

n, = (1 +tan’b) tanh (bJ /2) @3)

(4

R A AR

-
LY
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B=D+1/24+2P @4)
K=k 25)
i b. = (@T/2V) (26)
: CS=C°(1+[l-(8/1!2)]—0.145[K/(1-K)]) .
tj) For three selected frequencies, f;, fy, f3, and the corresponding resistances. R, Ry, Ry, respectively,
?_* application of Eq. (20) leads to the expressions,
= B=x,an,-x, )/ @ 1 -x o 1) @7)
o 171 A2 11’2 22
\, K=y, /M -BY) (28)
“w
Ay
e
.;E: ¢=-Sli(~182/2El) ,J=(l/b3)ln((1+¢)/(1_¢)) 29
oA where, :
i S, = B/QE)
L
? ,r."_v
o E, = (1/K) @, b, tan’b, ~ B tanb,
LYo T 2
:: E2=—(1+tan b3)
N
:_: E3=((13b3/K) +me3
D) 2
X S,=E,-4EE,
N An iterative method is used for obtaining the values of k, P, J and V. 5335 and D can be determined
i direcdy from C, and G_,. The iteration is carried out in the following steps:
\-:.'( (1) Beginning with initial input value of J , and taking V = 2fslT and using Eqs. (27) and (28), K, and
® P can be estimated from fl' fz, R, and Ryt0 giveV, =V /1- Kl) r (The subscripts on V and K refer to
W the iteration step).
A (2) Using V1 as the new value for V, step (1) is repeated to give K2 and P,. This iteration procedure
K 5 continues until the K and P values converge. In practice, four iterations are sufficient.
i : (3) Taking the values of K, B4, V4, f3 and Ry and using Eq. (29), we obtain a new value, J = J v
™) (4) Taking J, and V , steps (1), (2) and (3) are repeated to obtain J = J,.
3 (5) This iteration procedure is continued until the condition, (1 —J./ Ji-l) < 10'5 is satisfied. This
N yields the complex coefficients, 5335(1 - D), V(1 +j(1/2)), kt( 1+jP), C33|D(l + 1.
AN Some other complex coefficients are calculated as follows
' ::: D s 12
» * .
‘.__-\ h”:kt(Cn/e”) (1+_](P+J/2 +D/2)) (30)
e . D S .12 : _
S 6 = k(CoeS,) (1+j(P+1/2-D/2)) 31)
0
<
)
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(b) Relationships for the Length (3-3) Mode of a Bar (LL)

Z= l/ﬁu)C;)( YTy 62)
where
b =wl/2V

V'=<pS?;)“”=V( 1+j0/2))

V=(pSy) = 2 L1 - )

33)
D D .
833 =553 (1-41)

*
kyz = kg3 (1+JP)
The method used to evaluate the coefficients of the LL mode is very similar to that used for the TE mode
described above. The following coefficients are obtained from the analysis of the LL mode:

P
k3 Saao 30 Bags E5y €0
(c) Relationships for the Thickness-Shear (TS) Mode of a Plate
Z=(1/joC) (.1 -(k‘2 tanb‘/b.)) (33)

Agam. the method is the same as for the TE mode, carried out in Section 3(a). The coefficients kls ,
Css 5 hys s 8335 , etc., are evaluated by analysis of this mode.

(@ Relationships for the Length (3-1) Mode of a Bar (LE)

The admittance is given by,
*2 .
. ki,  w@n(@L/2V)
Lt B
. (1-k) oL/ o)
As previously done, we assume,
. ) 2
C,=C(1-D) ; K=kj,
sEosP - : b=ali2v (35)
=5, -y ; b=

k3 =k, (1+jP) ; V=2fL
Vi=s ) =v(1+101)

D=G,/2nfC, .
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@
WY
: :3 Substituting these above relations into Eq. (34), we arrive at,
vt Y=-G+jB
T\
.a% where,
VA
S o ac | Do KID=1/2-2P (O] [1 - k(o1 2) b + Kianh (o 2)sec’
s e b{1 +tan’btanh’ (b /2)]
) (353)
'*'E R K2 +2P(1+K)-D](1 +tan2b)tanh(b112) +K[1 -tanhz(bJ /2)] tanb
| 'R;-g o b1 + tan’b tanh’(b] /2)]
( . Eq. (35a) can be rewritten as, (35b)
-r.;:
E:r_ (Gi/ mico)-D= a=K(By+n)/y,. (36)
*'3.:' Here,
-:,\-'.
..r B=(D-J12-2P(1+K)
Y \-.:: The definitions of ¥, v; and n; are given in Eqs. (21-23). Substituting three frequencies and the
:'_::: corresponding three conductance values in Eq. (36), we get,
\:_' 2
o | K=y, /m-B1) =K; /(1-K) 67
(
- B=x, @ -z, 0n)/ ¢, @ v,-%,@,7)=(/2)+2P(1+K)-D  (38)
e T 12
= 4y, =Ky, (e.”sfleo) (39
K o ’
N P
v . J-DR-I2+
sofofrrm)
T4
v
e
o . .
:E g31=g31(1+](D/2—J/2+P)) @1)
\
-
Y
) ';: The iteration procedure is very similar to the one described in Section 3(a). Here, we make use of the
® ’ conductances measured at three distinct frequencies. The following complex coefficients are obtained:
™ T T.
o €3 =8;(1-D) “2)
- P E . 2, .
e S, =S, (1=j))=p@f L) (1-jI) 43)
)
oo
Y-~
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TABLE 2. PROPERTY COEFFICIENTS MEASURED USING THE TECHNIQUE AT

25° C
Parameter NTK Fired PTBF PVDF! PVDF?
Complex dielectric 33.4(1-0.021j)  45(1-0.020) 41.2(1-0.012j)  7.5(1-0.022j) 11(1-0.016j)
coefficients (f=18.6kHz) (f=101kHz) (f=19kHz) (f=1kHz) (f=1kHz)
&3 32(1-0.037j) 44(1-0.040j) 39.4(1-0.023)  6.0(1-0.24j) 10.8(1-0.054j)
(f=172kHz) (f=1.32kHz) (£=676kHz) (f=792kHz) (f=27.7xHz)
Complex elastic 8.1x10%(140.26)  13.9x10%(1+0.088j) 7.7x10%(1+0.094;) 1.09x10%(1+0.25j)
coefficients (f=172kHz) (f=1.32MHz) (f=676kHz) (f=792kHz)
332 (N/m?)
- omalcx Pietosleats
Coefficient
&35 (C/m?) 0.19(1-0.003j) 0.11(1-0.017j)  0.036(1-0.2j)
hy3 (V/m) 6.7x108(1+0.034j) 3.2x108(1+0.015j) 6.8x10%(1+0.035j)
- hagical Counl
Coefficient K
k’ 0.13(1-0.12j) 0.27 0.07(1-0.06j) 0.15(1-0.21j)
’ ] *
Ky, ~ 001 0.040 = 0.014 kg, "=0.094 kg, *=0.069
(1-0.008;) (1-0.011j)
K, ~ 0.02 0.066 ~ 0.026 k4,50.01
k33 0.12 0.28 0.092
K, 0.17 0.16 - 012
Piczoeieettic, Costhicient (20N
d5 39 48 52 .27 -16
* R * .
dy; 38 -10 7.7 dy, "=15(1-0.093)) dy, "=13(1-0.088))
dy 31 34 37
Density (Kg/m) 4.23x103 4.4x103 5.5x103 1.46x103 1.78x103
cmmzw
s;,E 3.64x10°10 0.76x10°10 9.22x10°10 3.75x10°10 2.9x10°!0
(1-0.1j)
515 1.64x10°10 0.19x10°10 2.67x10°10

Voided uni-stretched thick film
2 Noa-voided bi-stretched thin film

AT
AN
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V=2 L(1+0/2) 44)
:!"l.
. T JE |12 D -

( G dy; = ky(8555,,€) (1+jeD2-1/2+P) @5)
il

~ . L :
«f:'w'.‘- 8y =4y, €;8) (1+j(D2-1/2+4P) (46)
W
}’)\? (¢) Selection of the Three Frequencies

,
::.: j~ The selection of the three frequencies is important for the iteration procedure to lead to converging
b f.\ values. We therefore, recommend the following choices.
Y
e [=2(1-02Q)f ; f,=(1+02Q)f ; f=(1+0.1Q)f, @7

. -8, If the frequencies selected are too far from fs,. the material parameters may be different from those at f,
;" > since they change with frequency. On the other hand, if these three frequencies are too close to f,, error is
Yy introduced due to error in measurement.

z: u 3 As long as the vibration is a single mode, the iteration converges rapidly within 3 minutes on a
DA HP-9121 computer.

2) The experimental results indicate that the piezoelectric coefficient hyy is complex, contrary to the
usual assumption that it is real.
3) Using just one disk shaped sample of the material, it is possible to estimate all of the real

o

L .
KT () Computer Programs and Experimental Results
R~ J,::_

N In order to carry out the analysis described above, two computer programs, named ITRESTE and

AN ITCONLE for TE and LE modes respectively, were written.

Y These programs automatically print out the measured values of the complex coefficients along with the
( total iteration time required for convergence.
: 5}'.; 'I"he f:omplex cgefﬁcien.ts of Fhe NTK-306 0-3 composite, fired 0-3 composite, PTBF 0-3 composites and
o polyvinylidene fluoride are listed in Table 2.

\ ,\I"_:

s 4. SUMMARY

K

1) A measurement technique for evaluating the complex coefficients of piezoelectric materials of low

| *:-.; Qp has been described. As long as the figure of merit, M = szm is greater than 0.001, the technique for
:ﬁ. estimating the real parts of the coefficients can be utilized even for piezoelectric materials with Q, < 4.

)

7

%

°. coefficients for the LE, LL, TE, PE and hydrostatic modes.

‘C 4) The error in the evaluation of the coefficients can be reduced to less than $% when the vibration mode
RO is pure.

.'t‘_ 5) In the case of the iterative method for the evaluation of the complex coefficients, the choice of the
S three measurement frequencies which lead to rapid convergence is outlined.

o 6) The technique for measuring real coefficients can be applied to single mode vibrations of low Q
4. transducers vibrating in a liquid or attached to a solid. The effective electromechanical coupling coefficient,
- the conversion efficiency and the bandwidth can be estimated in this manner.

F’.}‘_{_ 7) These techniques can be used to evaluate property parameters as a function of frequency if the sample
;:J-::, size is changed.
o 8) These techniques are not suitable for high Q. piezoelectric ceramics, but are useful for measuring

L] property coefficients of materials like piezoelectric composites and PVDF.

o
N
,\‘
~I,,:
('..i

! .3,:\.'
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ADDENDUM

RESONANCE MEASURING TECHNIQUE FOR COMPLEX l
COEFFICIENTS OF PIEZOELECTRIC COMPOSITES

Q. C. XU, A. R. RAMACHANDRAN and R. E. NEWNHAM
Materials Research Laboratory
The Pennsylvania State University
University Park, PA 16802

o)
W
;"‘-.:: [Note: The following list of symbols was added immediately prior to the printing of this issue.)
*
b R List of symbols
\ C = capacitance Co = static capacitance
-f\.‘: . —1
.:2::. R, = electric loss R, = (0Cy tanse)
§ -*S;f tand,, = electric loss tangent f = frequency
: "'_‘{ L, = dynamic inductance C = dynamic capacitance
® .
o R, = mechanical loss Ry = (tand/ o Cy)
:‘C: ©, = angular frequency wo=2nf
j_: Qpy, = mechanical quality factor = 1/ tand tand, = mechanical loss tangent
N
M Y = admittance G = conductance
( n _ G, = static conductance G4 = dynamic conductance
A .-
. &-{. Gpq = dynamic conductance at f B = suspectance
\- :: B, = static suspectance B4 = dynamic suspectance
h ~

W= series resonance frequency

K = piezoelectric coupling coefficient

&‘.U.

X &;E f} , fo = frequencies used to determine Q,, from G(f) curve

S .

: é:: T = thickness of sample p = density
Ok V = Acoustic velocity
::‘_\ D = Diameter of sample or electric loss
'::‘_:.-: Co‘ = static complex capacitance

) _._ C33D.H = complex stiffness coefficient

J=tand,
kt' = complex thickness coupling coefficient
P = phase angle of kl', k33' Z = impedance

b‘ = dimensionless parameter (= 0T/ 2V‘)

s

R,

PR

BSGRRL PocRan L

AN

v complex acoustic velocity L = length of bar sample
k}l" complex coupling coefficient of LE mode
ky, = coupling coefficient of hydrostatic mode

' -J" Journal of Wave-Material Interaction, Vol. 2, No. 2, April 1987
] 181
LY
"
.
":' A AR A U S AR RN 0 L O O N e e T T T e e T e A A T e e e e e e e e e A T
v‘\-‘ AT f"' JA .»_'.,-}\.-“,-“.-ﬁ AONICNEN A L A T T AT AT T T T T




.-:.»
A
o,

A

e
. .’NI

P

LY ’\/\A ]
RS

ll‘ l.
N

-
o 1,
. l‘ '
N

]

X -.‘ Ty .'ﬂ
{ { .‘
DAY

)
£

)

2
Iy
. J"J

-
[3

ALK %
[
Y. f‘.’_‘r %

PN

~

Al Q.-
St

P

> s

279%
s
PR
v % "¢ ‘.

s
e
v ¥ % 4,

I
T e
X

.
-

., a
YN
»

%

S

s

e
o~

MEASUREMENT OF COMPLEX COEFFICIENTS FOR THICK PVDF POLYMER®*

Q.C. Xu, A.R. Ramachandran and R. E. Newnham

R.H. Tancrell*

M. R. L., Pennsylvania State University; University Park, PA 16802
* Raytheon Research Division, Lexington, MA 02173

ABSTRACT

A new measuring technique of complex coefficients for
low k2Q,,, piezoelectric materials has been described.
The complex elastic, dielectric and piezoselectric
coefficients for the longitudinal length mode and for
the thickness mode of thick polymer produced at
Raytheon, and their temperature and trequency
dependence are measured by this technique.
Following the method of time-temperature
superposition, logway is plotted as abscissa. The real
pans of d,,, dy, poisson ratio and their temperature
dependence are also obtained.

1. Introduction

In general, piezoeiectric composites and polymer
materials exhibit large piezoelectric imaginary
componants, marked temperature/frequency
dependence and lower k?Q,, than ceramics, so
measurement of their complex coefficients is usetul for
many applications [1], such as piezoelectric acoustic
absorbers, active noise control and acoustic target
location.

The other methods for determination of complex
coefficients of piezoelectric materials are: (1)
Gain-band-width method by Holland and Ernisse [2].
(2) Interactive mathod by Smith [3]. (3) Quasistatic
(<100Hz) method by Hayakawa and Furukawa [4]. (4)
Admittance fitting method by Ohigaski [5]. In the case
of materials with k?Q._ <0.01, it is diflicult to obtain
convergence by the firsl two methods. Further, method
(4) listed above assumes that h,, is real. o

In section Il of this paper, the complex coefficient
measurement technique is presented. The
temperature/frequency dependence of the various
coefficient are presented in section lll, in addition, the
real coefficignts d,, dy3,  are aiso presented. In
section 1V, the results ar¢ summarized and discussed.

* This work was supported by the Research Center for
the Engineering of Electronic and Acoustic Matenals,
The Pennsylvania State University
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I Measurement Technique

The analytical solution for single vibration mode,
assuming that all the piezoelactric, elastic and
dielectric coefficients are complex, is as follows:

1) Impendance_of thickness mode (TE mode )
-1/$ij°}(1-k§tanb/b «R+j
R=D/{wC . )+k ¢[tanh( '/2)sec2b'-(D+J/2+gH)
sech2(Jb'/2)tanb')/([1+tan2b'tanh2(Jb"/2)]
(wC,'b)}=Ry+Ry )
(2) Admittance of length mode (LE mode )

YmjwCq(1+kq,2tanb/b(1-kq,2)]}=G+iB

G=0C oD +{RiCo1D-J/2-pH(1 +K)Jtanb’
sech?(b'J/2)+lanh(Jb/2)sec?b’)/

b'[1+tan2b‘1anh2(b'J/23]}:G + (2)

C=C,'(1+K/btanb'sech?(Jb7 )#H)-J/2?H(1+K))
c{’ar&h(b‘d/ )secZb'}}/[1+tan2b'tanh?(b'J/2))

=0, '+

Herg. ﬂw subscript®0® stands for the static

pant,and °d" for the dynamic part. For the TE

mode, all the compiex coefficients are

assumed as shown below:

k'-(k'.*'./kg;’ ‘1(1‘3'71'4)-5 19Smv'(14J)05

va(c <=[e +jJ)/p]%2=v'(1+{J)°-

bt 2V), J=(tShEm)y. ¥R iicknoss

For LE mode, Kyq=K,q'+jkqq"=k

KoKy 2/(1-kag'2). val( ipsB 1) Rv/(1-3)) brawli(2v)
Lis ?ength. sing the Mittag-Leftier theorem,
Cy=Cq{1+((1-8/x)-0.145K)K/(1-K)} (3&

w?wre. C, is the capacitance when faf,. can be
obtained from the C vs. { curve. fs is obtained’from the
G vs. f curve.See Figs 1-2. From C, and Gy(or Rj),
€4,% and tand are obtained. From equation (?) or (g).
s%?ecting three frequencies f,.f5,!4 onthe Rvs. for G
vs.f curve,the corresponding values of R, ,R,,R, for TE
mode(or G,,G,.G, for LE mode} can be
obtained.Taking these values and using an iterative
method, k' (or ky,' ),PH and tang,, can be obtained {6).
Since only three parameters are being determined,
the convergence is very fast and easy. Further,
velocity and elastic coefficients can also be obtained.
All the complex coetficients are determined near by f,
in this technique.

Because of the low value k?Q, and the weak
resonance peak, local amplification of the dynamic
conductance G, (or Ry) is necessary, see Fig. 1. In
order to improve the accuracy, it is better to use the G
(or R) vs. f curve than the C vs. f curve. It is necessary
to separate the pure electrical conductance G, (or R,)
from the total conductance G (or R ). The frequency
selected for the iterative method are important. We
suggest f,=1,(1-0.2/Q ), f,~1,(1+0.2/Q),
13=1,(1+40.1/Q ). The Sschematic diagram of
measurement equipment is shown in Fig. 3

‘(1+]PH),

IEEE Ultrasonic Symposium 1987, Denver, CO.
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P The real coelficients d,’, d..' are interesting for
N0 hydrophone application [’7). :ﬂney can be obtained 3
Lo s approximately as follow: !
( : dyy =933 /Cp +(dy,'+dy5)0/(1~0), @
o A sing a sl)goaro plate sampie of PVDF, the poisson
ey L ratio o can be obtained appoximately (8].
::}, : g=(1-f‘ /7{)41481, /(ﬂ,‘?)] (5)
'.':' " hero. 1, 15 are the first two resonance frequencies of
.a::!. the square sample.
b o tel
{
e
"
Sl il The Temperature/Frequency Dependence
o of the Property Coefficients of the Thick PVDF
K>
;:! ';4 Following the WLF equation tor polymer,
: v L J"l A logwar=log2nt-C,(T-Ta)/[C,+(T-Tg)). For the thick
( o PVDF, let Tp=20°C, the coefficients C,and C,,
o Fig.1, Conductance G vs. frequency 1. determined by dielectric measurement, are 6.2 and
- 118.6 respectively, therefore
NN logay=-6.2(T-20)/(98.6+T)
e ary, Being the shift factor, plotting logway as the
-s':,-s rea abscissa. we can represent the frequency
o dependence in a very wide range. Fig.4 shows the
° dielectric properties of TE mode ( :500 KHz-1000
v~ KHz) and LE mode ( f: 4 KHz-7 KHz). We see that two
RN peaks have same logway value, however, the venrtical
B~ correction factor has not been considered here,
DN therefore, the tand, for TE is higher than for LE [9).
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50 LIIL Fig.4, T and f dependence of diglectric coefficient.
{ ._":. waree -ng w-uria
‘ ._:_. pesuwnas Compuier Mot
o = The elastic properties behave in a similar fashion
to the dielectric pronerties and are shown in Fia. §
o | o roern and have  55,5~1.55,,%.  The real parnt of e,,,
RS w-wes e e’,, is almost independent of frequency and
A hnaned temperature, its imagma% part shows a peak
b ot ) — - (6°34/0'33=0.5 ) at logway~6. The results show that h,,
O Fig.3, Schematic diagram of the measurement is ‘complex; the peak value h°,,/h'3,+0.6. The
oG . coetficient d,, is shown in Fig.6, anf 3'32 =d'34/6 .
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Fig.7 shows the complex coupling coefficients. The
loss tangent (k*/k’) does not reter to the piezoelectnc
onergy loss. R is as follows:

KA = tand, +andy, -2d7/d 4]

loga,~4.2(7-201/(90.8+T)
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The temperature dependences of d',. d',; and poisson
ratio o are shown in Fig.8-9. This technique has also
been used successfully for evaluating 0-3 composites,
such as the NTK-306, the Celanese PTBF and fired
composite { MRL ).
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IV. Summary

1) This measurement technique is appropriate for
VDF and 0-3 composites (flexible ceramics ) with
k2Q,>0.004 and Q. >10. The relative error in
measurement can be <10% when the vibration mode
is pure. This iterative process converges more easily
than smits's method for low k?Q,, sample. The choice
of three frequencies is critical for convergence.
(2) This PVDF is a three phase structure with
crystalline and amorphous regions and voids. The
temperature dependence of poisson ratio (Fig.9) is
probably due to the existance of void. In addition, 833
does not show marked temperature dependence as
opposed to thin PVDF.
(3) The composite abscissa, logway, is convenient for
considering the f{requency and temperature
dependence. The vertical correction factor needs to be
obtained in future. The thick PVDF matenal exhibits
high dielectric, elastic and piezoelectric loss near
logway=6-8, this data is useful for designing
piezoelectrical acoustic absorbers or vibration
dampers.
4) The results show that,
VDF, as shown in Fig.1

h

¢

also is complex for thick
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RELAXOR FERROELECTRICS

L. ERIC CROSS
Evan Pugh Professor of Electrical Engineering and Director of the Materials Research Laboratory
The Pennsylvania Scate University, University Park, PA 16802

Abstract--This article attempts to review a number of macroscopic measurements which have
been used to explore the electrical, mechanical, thermal. and optical characteristics of relaxor
ferroelectrics and to authenticate the compos:tional heterogeneity model which was first proposed
by G.A. Smolenskii to describe these matenals. In this connection the work of N. Setter on order
disorder in lead scandium tantate is discussed to clearly establish the role of compositional
heterogeneity. To demonstrate the very wide temperature range above the dielectric permittvity
maximum T, over which large values of RMS polanization persists, electrosmrictive spontaneous

strain and quadratic electro-optic measurements on lead magnesium niobate and on the tungsten
bronze structure ferroelectric barium strontium niobate are introduced. In order to validate the
hypothesis that the polar micro regions which exist above Ty, are in dynamical disorder,

measurements of the field induced elecostriction are reviewed. From the aging behavior of
suitably doped relaxor compositions it is suggested that because of intemmal heterogeneity local
and global symmetries differ in the relaxor and the consequences of these differences are
discussed with respect to the poling: depoling behavior and to the low temperature dispersion in
lead banum niobate bronze structures.
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INTRODUCTION

The relaxor ferroelectric may be distunguished from normal ferroelectric crystals by three
distinct families of properties highlighted in (Fig. 1), which reviews the behavior of lead magnesium
niobate PbMg ,3Nba303 (PMN) a typical relaxor composition. In the dielectric response (Fig. la)
the weak field dielectric permittivity reaches a high peak value ~ 20,000 typical for 4 ferroelecuric
perovskite near T, but the dielectric maximum clearly does not mark a phase change into a

ferroelectric form as the temperature of the maximum increases with frequency in a manner typical of
. . . . . . " o . .
a relaxation dielectric. The associated maximum in €  (1and) is also typical of relaxor response.
From behavior in high alternaung fields however, it1s clear that the PMN is ferroelectnic at low

¢ temperature with bona-fide dielectric hysteresis, a necessary and sufficient condition. However, we
note again from Fig. 1b that the hysteretic response slowly degenerates into just nonlineanty as the

. temperature increases, i.e., that the spontaneous polanzation 1s not suddenly lost at the T of a first or
8 second order gransition but decays more gradually to zero.

- Perhaps the most startling behavior is that to longer coherence length probing radiations where
~ samples cooled to very low temperature show no evidence of optical anisotropy, or of the x-ray line
Y sphitting which would be characteristic of a macro-volume changing to a polar phase (Fig. 1c).

i An explanation which has been offered for these relaxor ferroelectnc behaviors by G.A.
. Smolenskii (1) is that in for example PbMg; ,3Nby,303 the Mg and Nb ions do not order, 5o that
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- Figure 1. Characteristic features of a ferroelectric relaxor.

Figure la. Dielectric dispersion in Lead Magnesium Niobate (PMN) as a function of temperature
and frequency.
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Figure 1b.  Dielectric hysteresis in PMN as a function of temperature.

Figure lc. Opucal and x-ray evidence for the absence of a macroscopic phase change below the
Cune maxaimum (T.).
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RELAXOR FERROELECTRICS 24)

across any trace in the crystal there are {luctuations in Mg: Nb concentration. It is suggested that
these statistical composition fluctuations lead to large fluctuations in the Curie temperature Fig. 2a,
and that thus over a wide temperature range there is an intimate mixture of ferroelectric (Polar) and
para-electric (Non Polar) regions, with the balance becomung steadily more polar as the temperature is
reduced. Clearly, if the scale of the heterogeneity is of order 100-200 A as proposed and the polar
directions set in at random over the available domain states (3 states for the polar phase in
rhombohedral PMN) then for interrogation by a probing radiation such as x-ray or optical frequency,
the random array will sall reflect the prototypic cubic symmemy.

A second potential facet of behavior which was not in the original Smolenskii model appears if
one considers the likely stability of very small polar micro regions. Using Devonshire or a sirmlar
formalism the free energy as a function of polanzation for one of the polar regions must appear as in
Figure 2b. For a domain of macroscopic volume, the energy full separanng alternative domain states
is many many times kT and the domain is quite stable. Since however, ferroelectricity is a
cooperative phenomenon, all energies scale with the volume so that on conunued scale reduction

(near a dimension of (100 A°)3 for a typical perovskate) the barmer in AG becomes comparable to kT
and the polar region unstable against thermal aggitauon.
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FERROMAGNETIC ORDERING

Steps in the build up of magnetic order in different systems well charocterized

Individuol spin moment m
Thermal Thermal

4@ 1,.. G. Dilute Poromognet .
A. Spin clusters con
be in very fine
Thermal Thermel ferromagnetic
TR N\ porticles ¢.9. Fe
IH@ Super Poramagnetic —> or
N N\ ' 8. Dve to fluctuations
. Large moment M o . in site occupa
Spin clusters in site occupancy
ordered cluster os in Cobalt Zine

® O O
N va:
At Critical SPM
NCICH
A Very weah

remanence

AR "Abrupt
e Oomain walls Ferromagnet
e My l"'

- Large ordered domains

<.

Figure 3. Schematic illustration of the build-up of magnetic ordering with scale in a simple
Ferromagnetc system.

In magnetism, the build-up of ordered states from isolated spins is well understood (Fig. 3)
and the superparamagnetic state in which small ordered spin clusters establish an inadequate
magnetocrystalline anisotropy energy to remain stable against thermal motion is weli documented.
For the build-up of ferroelectric order no such detailed scheme has yet been delineated, however, it is
templing to suggest that the small polar micro-volumes postulated to exist in the relaxor ferroeiectric
could over some range of sizes, be unstable in a similar manner, giving rise to analogous
superparaelectric properues.

To prove out the Smolenskii model for the perovskite relaxor, and to explore the added caveat
of potential superparaelectmic behavior, three quesuons need to be answered.

1. Are fluctuation in the concentration of By, By cations responsible for the diffuse natwre of the

phase change in a Pb(B |, B5)O1 perovskite relaxor ferroelectric?

. . - 7 . .
2. s there direct evidence for a substanual value of vP=, the RMS polarization at temperatures
well above the dielecuic maximum (T;)?

3 Are the polar regions in this high temperature range ‘flipping' in orientation as in the
superparamagnet or are they fixed in onentation?

It would appear that each of these questions can now be answered in the affirmative.
However, aging studies in pure and doped materials confirm that the simple model of a perfect
mucrocrystal in a co-joimng high permituvity matnx phase is inadequate and that as might be expected
the symmetry of the local region is lower than that of the bulk. This difference between local and
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RELAXOR FERROELECTRICS 248

jobal symmetnies has important consequences not only in the aging behavior, but also in the manner

. \ ign which global polarization builds up under electric field, the grain size and thickness dependence of
N the permultivity and on the behavior of (Pby,,Ba,)NbyOg crystals at compositions close to the
‘ ::::j tewragonal: orthorhombic morphotropic phase boundary.

Wy
N THE ROLE OF MICROHETEROGENEITY

i
:. e A critical test for the Smolenskii model would be to find a system exhibiting ferroelectric

propenties which could, without changing composition, be taken from a.completely homogeneous
{regular) distribution of cauons upon the B site of a Pb(B| B5)O1 perovskite 10 a completely random
distribution which must then show local heterogeneity. The idea is depicted schemaucally in two
dimensions in Fig. 4. The schematic in Fig. 4a was developed by tossing a coin and recording the
head (black) and the tail (white) dots on a regular latuce--clearly there are large black/white

¥

'l

> o o
hY

L

,-:.- heterogeneities. If however, that structure is ordered Fig. 4b, full wranslauonal symmetry is
'Oy recovered, and the composition is completely uniform down to the unit cell scale. If the Smolenskii

_ Lo

hypothesis is correct we expect to see diffuse, dispersive relaxor behavior in the disordered state, and
sharp normal ferroelectric ransitions in the fully ordered state.
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( . Studies by N. Setter (2) and A.J. Burggraaff (3) lead to the discovery and evaluation of order
. disorder in P&(Sc| 5 Tay Y04 (PST). Because of the large difference in x-ray scattering the degree
' :’_ of order in the crystal or ceramic can be evaluated from the superlattice reflection which appears as a
R consequence of the doubling of all dimensions of the unit cell (Fig. 5). Also, by comparing the width
A of base latace and superlatice reflecuons the size of the ordered domains may be estimated.
~.:’,'~. The major conclusions of the PST study are summarized in Fig. 6 which exhibits the structures
i for ordered and disordered forms and the manner in which with on ordering the dispersion is lost, the
L depolanzation becomes much more abrupt and the optical properties revent to those of a normal
vy macrodomain ferroelectric exhibiting clear optical anisotropy below the Curie temperature.
W Recently more direct. confirmaton of the order disorder behavior in PST has been obtained by
- C. Randal et al., as discussed in another article in this journal, where the ordered lead ion
T displacements in the crystal which carry the ferroelectric response of the ordered state have also been
‘A idenafied.
:.i: The conclusion then regarding the first question is tabulated in Table 1 and confirms the
o original Smolenskii model.
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_‘:-‘ Figure 5. Superlattice line intensity as a function of annealing time in Pb(Scl/zTal/Z)OQ;
e showing change from disorder t0 order with thermal annealing.
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15 TABLE 1
. Conclusion from the experiments upon cation ordering in PbScy/3Tay/,0;.
¥ In PbSc T2} /203
h - For the Annealed Catiop Ordered Siate - no cation composition fluctuatons.
! 74 Normal Ferroelectnc Properues
; : 1) Sharp Ist order change at T,
2, 2)  Stable remanent polarizanon
7 3)  No frequency dependence at radio frequencies in ferroelectric state
\5 4)  Suable birefnngence
) 5)  Rhombohedral
( For the Quenched Cagon Disordered Siate - must have statistcal fluctuations in Sc:Ta distribution on
> B
i ::: Superparaelectne Properues
‘> 3: 1)  Dutuse phase change
) 2y Nosiable remanence
o 3)  Swoong frequency dependence
r..” 4)  No stable burefringence
., §)  Cubic macro symmetry to both x-rays and optical frequencies
o
d -.:
-
( . THE PERSISTENCE OF MICRO POLAR REGIONS ABOVE T,
o To address the second question it is useful to focus aueption upon properties of the crystal
‘| o which are controlled by the square of the electnc polarization P<. Clearly if random + - fluctuations
.. occur in P above T, P = O but P £ O, i.e., a property which depends on P? should begin to be
; ‘:’, affected at temperatures well above T...
K. In PMN, electrosmctive strain 1s given by

b
x11 =Q P + Q2P + Q2P

a

. x22= Q2P| + QP+ Q12P% b
x33=Ql:P2‘ +Q12P:2+Q“P23 < 31

xd4d = Q4 4P5Py d

355=QMP2P3 ¢

x66 = Qq4P P f

Looking now at the thermal expansion in PMN, above a temperature T, ~ 350° C, the thermal
expansion follows a normal linear law of the form (Fig. 7).
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3°+' Po(Mg, Nd,,3)0y 7
- .
'ﬂ
'Q L_ —
z
< n
3
[
[

600

TEMPERATURE (°C)

Figure 7. Thermal strain 51| vs. temperature for ceramic Pb(Mg 3Nby/3)03.

L= ol +a(T-Ty)) 3.2

where ¢ =lengthat T
Lo=lengthat Ty

a = thermal expansion coefficient

Cleasly the thermal strain
iT -
X1] % £33 = x33 T = ,(T - TO) 33

Below 350° C, the rate of thermal contracron reduces continuouslv. If we arribute this
reduction to the electrasricuve consequence of an escalating RMS P, below 350° C. The strain

produced is given by
X1 = X2 = X33 = (Qq + 2Q)2)P? 3.4

and since in PMN (Qy > -2Qq ) the set electrostrictive strain is dilatational. Thus the total smain
(thermal and electrostrictive) will be

X{IT = %227 = X337 = &(Ty - T + (Qq +2Qq2)P% 3.5
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Figure 8. Calculated values of RMS polanzaton P dernived from thermal strain data compared
to hysteresis and pyroelectnic measurements of Py in ceramic PMN.

If the total thermal effect x| | T is measured then equation 3.5 may be rearranged to give

2 ur*tollo - 1)

g * W~ 2120 36

From known values of Q[ and Q; and the higher temperature @ the temperature dependence
of st may be deduced. Figure 8 compares the calculated Jﬂs against P; measured from
pyroelectric depolarizaton, and against an ex lated P determined earlier from dielectric hysteresis
by G.A. Smolenskii et al. (4). Evidentally /P<¢ has substantial values weil above the T, given by
the dieleconc maximum in weak field permirttivity.

The tungsten bronze structure crysial (Bag 40570 60)NbQOg is also a relaxor ferroelectric due
to fluctuations in the distribution of Ba and Sr over the five-fold and four-fold tunnels in the soucture
Fig. 9. Excellent single crystals of the 60:40 composition are available from a careful continuing
growth program at Rockwell (R.R. Neurgaonkar 5,6,7).
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Al site A23site Blsite B2ute Ciite

Site occuponcy of some ferrosieciric tungsten=dronze-type structures

Formule Al A2 C 8l 82
80,575—x o030 %1.3880
(x 1.38) NI164Se  20isr 0 2Nd  8ND
8040y NOy 3, N0, Pye | T4Na
(xeO43) NN 513ge 489 o 2Nb  8ND
Keg-ylisorMioeyOs0 175K 395K 377U L0 awe
(240.07, y+0.23) 0.25Li 00SLi  O.23Nb

After AbDrghoms et ol 197!

Figure 9. Projection normal to the tetragonal c axis of the swructure of Ba,Sri. NbyOg,
illustrating the cation mixing on the A and A5 sites in the Tungsten Bronze structure
ferroelectrics.

TR T T N S S S PTG N N Y e e N ~ w
WU e A AT S A AT NN, W
'™ o " » i LTS ® " 4

4 !‘!‘-‘l o oy 1- * _.o ¥ L e ~\ k.‘ M [ ) l‘




>

-«&)4._:-,
>

e
lif_
"‘“
"~
o ;
“ X
o5 |
| \":o |
( 32 L E CROSS
(‘;:
: v For the tetragonal tungsten bronze, the prototype symmetry is 4/mmm and the elecrrostrictive
[ - coupling takes the form
S
"’:_ X1 -Qu"ix +Q2P3; + Q3 P2 a
) 122 QP2+ QU+ Qy P2y b
N x33=Qu3P?) + Q)3P%; + Q33P%y ¢ 3.7
s x34 = Q4P| P3 d
t,.:: x55‘044P1P3 [
o x66 = Q6P 1P2 f
S
A In this crystal the ferroelectnc symmetry is 4 mm so that polar fluctuations are largely + Py
( giving
]
'
oy x3=Q33P%;3 3.8
"\-."', Similarly for the transverse strain
v
" xj1=x22=Q3;P3 39
\ '-::\ Typical thermal expansion data for ¢ axis (3) orientation is given in Fig. 10a and again the
nP wcmperature dependence of P23 may be deduced from the departure from linearity below 350° C.
" In 60:40 SBN, the high quality of the crystals now permit the use of the quadratic electro-opac
::-: effect to deduce P43 from the temperature dependence of the optical birefringence, i.c., :
-
( An = -172 n,3(g33 - §31)P23 3.10
. ::.".: Again above 350° C An is a lincar function of T of the form.
¢ ‘\',."
tx An=Ang + B(T - T,) 3.11
Wt
s Following the electrostriction relation then

anT - Ano + E(T - TO)
37T T 2ng3(g33 - 931)
The behavior of the optical birefringence for single crystal SNB 60:40 is given in Fig. 10b.

Since both elecostriction _3nd quadrauc electro-optic consiants are known for 60:40 SBN two
independent checks for JP<3 can be made. Figure 11 compares deductions from opucal and

elecrostmctive measurements to the temperature dependence of P3 deduced from pyroelectric studies
(8). It1s quite evident again that very substantal values of /52-3 exist for a wide range of temperature

above T..
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Thermal strain measurements along the tetragonal ¢ axis in single crystal SBN of
composition Bag 393rq 61 Nb204.

Optical birefringence An of an ‘2’ plate of SBN 61:39 as a function of temperature.
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Figure 11.  RMS polanization ./P—'rdcduced from thermal strain and optical birefringence data in
single crystal SBN 61:39 compared to pyroclectric measurements of 3

DYNAMICAL DISORDER IN RELAXORS

The third and probably most difficult question concerns the nature of the polar micro regions
which clearly must exist for a wide (200° C) temperature range above T, Is the polarity saic.

leading to a glass-like structure, or is the disorder dynamical with polar micro regions undergoing
switching between different orientation states as in the superparamagnet.

Some indirect evidence for dynamical disorder may be adduced from the mode of break-up of
long-range polar order induced by electric field at low temperature. The fact that order ‘unpicks’
slowly on heating, and is not re-established on cooling suggests that polar micro regions can switch
out of long range order at temperatures well below T.. Above T, additional evidence for dynamucal

disorder can be obtained by measurement of the induced electrostrictive strain. We have
demonstrated that polar mucro regions do exist for a range of temperature above T, in the uniaxial

(Bag 4Srg ¢)Nb2Og bronze. Thus in this temperature range under external E field applied in the ¢’

{3) direction, there will be two very different mechanisms conributing to the electric polarization; (1)
modulation of the switching of already polar micro regions by the external field (2) change of the
intrinsic polarization in the micro region, in nonpolar regions and change of the volume of micro
regions. Since as is evident from Figure 10a, the crystal has already adjusted its shape to the
occurrence of Py in the micro region and as +Pg and -Pg states have the same strain, mechanism (1) 15

not shape changing and would thus give zero contribution to electrostriction mechanisms (2) on the
other hand, invoives the inducaon of new polarizauon and are thus shape changing and contnibuting
w electrostriction. 1f mechanism (1) becomes important in the temperature range above T, 2

measurement of the induced strain in this temperature region should show anomalously low values
for electrostncuon constant Q13.
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Polar micro regions must have Py vectors which are dominantly along the four-fold axis so that
witching of polar micro regions should not be induced by a field E| and Q| should be normal.
; Figure 12a,b shows measurements of Q33, Q3 as a functon of temperature and it is evident
(hat the values are anomalously small approaching zero close to Te. Measurements of Qj on the
other hand, show values which are quite normal, Fig. 1lc.
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Figure 2. Measurements of induced elecmrosmictive strain in single crystals of SBN 61:39,

Figure 122,b. Q33and Q31 as a function of temperature.

Figure 12c. Qy as a function of temperature.
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PRELIMINARY CONCLUSION

From the evidence discussed it is suggested:
Fluctuanons in the concenmauon of BB, cations on the B site of suitable Pb(B|B;)0;

perovsiates are responsibie for the relaxor behavior.

The RMS polanzadon P4 has substantal values at temperatures more than 200° C above the
mean Cune point T..

The micto polar regions in the higher temperature region are being dynamically disordered by
thermal mouon.

Relaxor ferroelectnes are in some ways electrical analogues of the well-known
superparamagnets.

CONSEQUENCES OF DIFFERING LOCAL AND GLOBAL SYMMETRY
[noroducuon

The original naive model for the expectation that polar micro regions should be undergoing
dynamically disordering in the thermal field was based on consideration of a simple
Landau:Ginsburgh:Devonshure (LGD) model for the multiaxial PMN ferroelectric in which the
appearance of a polar vector along any one of the <111> directions would lead 0 a minimum in the
energy of a ceraun valuc of P (Py).

Clearly in the infinite perfect crystal all (111) directions are identically equivalent by symmetry
and all energy minuma are of equvalent depth, Fig. 13. Questioning now what dictates the magmrtude

Model for a Reloxor Ferroelectric cee T T

It [
1T} \ PAG.
\
\ \\
- /
M —% K= — it
\ Vi DRGNS /
\ 4 \ - 4
T’ \\ N 1 AG @ Volume
2 AN 3’ v
—?
y m
4

Volume ~ (2008)>  AG~ kT
in perfect single crystols symmetry diciates

oll <iil> directions ore squivolent

. Minimo 1,2,3,4 are identicol.

Figure 13, Sketch of Elastic Gibbs Free Energy AG| vs. polarization P for four of the eight
equivalent <111> onentanons 1n a perovskite ferroelectric in the rhombohedral phase.
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W

{ the energy hills berween domain states it is evident that neglecting surface terms, the energy AG is
¢ omponioml 10 the volume and that for a simple perovskite ferroelectric with Curie point close to
:.-\.z 5500 C AG ~ § kT when the volume approached (200 A)3.
- 2

P

[n the relaxor ferroelectric, it is expected that the small micro polar regions are delineated by
composition fluctuauons which dicate sorong local fluctuadons 1n T.. On this model however, (Fig.

1) it is very unlikely that the surrounding of each micro polar domain retains cubic or spherical
symmetry. For example, in two dimensions (Fig. 14) it may be expected that composiuon gradients
on each side of the mucro region will not be identical and thus that the energy nunimum for the 111
drection may be dissirmular to that for the TTT direcuon.

Generally then it must be expected that due to heterogeneity, the local symmerry will be lower
than the global symmerry and for each polar micro region, the onentation states which must be
denucal in both energy and orientation in the perfect crysial are now 1nequivalent n the local domun.

Two Dimensional Model for Reol Relaxor

. \
- Te ¢
ce L '
*:‘:"i ,.....--' - ".--_-T'oom
- ' 1\
~ [} (B

A
PaL oy
-

o
[ ]

Spends less Spends longer
time along il time along i1l
well is less deep. well is deeper.

e P s
RIS

P

[ D )

N l'/"
+

1

R Figure 4. One-dimensional illustration of the expected departure from global crystal symmerry
. for a polar rmucro regron delineated by a nighly asymmemc composiuon profile.
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Several umportant consequences ensue from this symmetry lowering.
1. If local munima are of differing depth and the polar region is of a size to permit dynamical
disordenng, the polar vector will spend longer ume in the deepest minimum so that the micro region
will have a net (weak) polar moment.
2. Crystal surfaces and grain boundaries in ceramics, will modify the symmetry for micro regions
close to the bounding surface. unbalancing the potential distribution of vector states and thus
probably reducing the fluctuason component of the polarizability.
3. Polar vector directions may be perturbed from the family of orientations dictated by the global
symmetry and parucularly in uniaxial systems, if the axial constant weakens off axis minima may
become swble leading to unexpected dispersions in the dielectric response.

e

‘<

Aging Behavior

PMN and its solid solutions with lead titanate (PT) have been used for some time in surface
deformable murror technology because of the stability of dimensions, low effective thermal expansion
(Fig. 7) and high electrostnction. The absence of a stable onentation for the micro polar regions at
temperatures near T, avoids problems wath aging and self-stabilization in normal ferroelectrics and

the fact that PMN is a stoichiometric compound means that with care it can be prepared without
ahovalent defects. The fact however, that differences between local and global symmeny will give
weakly preferred direcuons for Py in the polar micro regions means that polar defects should be able

to readjust to further swabilize Py in the larger micro regions and thus to reduce the relaxation

component of permittivity and of strain.

Pure PMN: 10% PT the electrostrictor composition of most interest can be prepared so as o
exnibit no aging even after 1,000 hours ar 259 C (Fig. 15a). Doping with 0.1 wi% MnO introduces 2
strong aging of the relaxation component of K* and Kl (Fig. 15b) with the dispersive component
being preferentially removed (Fig. 15¢c) but being recovered on cooling to temperatures below the
aging temperature. Aging is obviously not a log: linear relation as in normal ferroelectrics, Fig. 162
and the magrutude depends strongly on the doping level, Fig. 16b.

From a plot of K! vs. K!! over the full aging period, Fig. 17 following the method of Arlt it 1s
evident that a broad range of relaxation umes is involved and if as in normal ferroelectrics the intrinsic
polanzability 15 almost loss free, it is evident that as expected the relaxation carries a major fracuon of
the total perrrutavity.

The aging behavior becomes explicable if we postulate that as in normal ferroelectrics polar
defects will slowly read)ust their onentation so as to lower the energy and stabilize existing domain
states. Ln the Mn doped PMN: PT, Mn=* with associated oxygen vacancies will form a defect dipoie
pair which can reonent by motion of the oxygen vacancy. Due to the lower local symmetry, polar
micro regions will have a weakly preferred orientation which will act to reonent defects, further
stabilizing the polar vector. Clearly larger regions which ‘flip’ less frequently will stabilize first s0
that longer refaxaton umes will be preferentially lost.

If as 1n normal ferroelectrics, aging is by volume stabilization of polar regions. Heating the
sample does not inroduce new polar regions and the dispersion stays low. Cooling the crystal below
the aging temperature however, will inwoduce new unstabilized micro regions and dispersion 15
recovered. As 1n a normal ferroelectric, onentation of the defect structure is energetically equivalent
to applying an internal elecaical bias favoring the existing domain state.

P

}‘J' s

.
RN

For the relaxor ferroelectric, aging under DC bias provides an interesting way to quantify this
pseudo bias. Aging under DC bias, short circuiting, then cooling without bias in a suitably _dopcd
relaxor (Fig. 18} leads to a poled condition where the poling has been induced by the onented
effective internal field Ep. Companng poling levels with simple DC poling of freshly deaged

samples shows that Epy ~ 2.5 Kv/cm which is consistent with the expectation.
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Figure 15.  Aging behavior in pure and in ‘doped’ lead magnesium niobate: lead titanate
(PMN:PT) solid solutions.

Figure 15a.  Pure stoichiometric PMN:10% PT material showing no aging up to 1,000 hours at
room temperature.

Figure 15b. Aging behavior of PMN:10% PT doped with 0.1 wt% MnO. Dielectric response K’
vs. T after aging for different times at 20° C.

Figure 15c.  Aging behavior of PMN:10% PT doped with 0.1 wt% MnO showing preferential
aging of the dispersive component of K’ which is however recovered for temperacures
below the aging temperature.
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~

Figure 16a.  Dlustrating departure from the logarithmic aging law at longer times.

-

Figure 16b.  Aging curves as a function of MnO concentration.
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Figure 18.  Dielectric constant (a) and thermal depolarization curve (b) for a ceramic PMN:10% PT
doped with 0.1 wi% MnO and aged tfor 300 hours at 22 Kv/em DC bias applied at
room temperature (259 C).

Curve ¢ is the conventional curve for a sample aged under similar conditions but
without DC bias.
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Poling. Depoling, Grain Size, and Surface Effects
Yo Earlier studies by Yao Xi (8) using the ferroelectnc relaxor PLZT at the composition 8.65:3
) "_'x: have shown that the poling and depoling of the hot-pressed transparent ceramic 1s consistent with the
> build-up and decay of macro domains from constituent micro domains. Ceramics can be quenche
oA 110 a stable micro domain saructure at low temperature, then under DC bias a stable macrodomait
e state can be induced with both field and temperature affecting the kinetics of the build-up. Mor

recently simular studies have been carried forward on fully dense compositions with a wide range o
grain sizes. These data (9) suggest that near the grain boundary there is a region of reduced weal
field permittivity and enhanced asymmetry. Finer grain ceramics depolarize at lower temperature anc

Fa
.

R\

_-.':- take higher fields to repolarize. However, the saturation potarization is not affected by the grain siz
S eventhouga the coerciviry 1s markedly enhanced in the finer grained samples.
ary Using extremely grain grown PLZTs it has been possible very recenuly to explore the thicknes
N dependence of the properties of single grain thick samples. In these crystals it is evident that near th
o free surface there is again a region of low weak field permittvity. That these crystals exhibit highe

coercivity than thick, but that the maximum polarization is gof dependent upon thickness.
1t1s interesting to note that TEM studies by Clive Randal et al., reporied in another paper in thi
Issue confirm the presence of micro domains in quenched samples of an 8.2:70:30 PLZT and show

explicidy the build-up of a macro domain structure under electric bias.

Orientational Effects of Local Symmety

A most interesting solid solution in the family of tungsten bronze ferroelectrics is that betweer
PbNb,Og and a hypotheucal BaNb,Og end member. In the range of the bronze compositions there

is a fascinating morphotropic phase boundary (Fig. 19) separating orthorhombic (mmz) and

600 Pb,_,Ba, Nb,O4
T T T | v
T T J
— Tetragonal
(S
S = 4/mmm
AN w 400 Te
1 \_.'- @ o> ’e‘
Y
k) -~ S E - -
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:__ -, ,/ ' \ \ -4
o 7/ AR
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oy MOLE % BARIUM , 3
- Figare 19 lllustration of the Morphowopic Phase Boundary between Orthorhombic (mm-) 3.
o Tetragonal (4mm) phases in the PbNbyOg:BaNbyOg tungsien bronze ferrocle
SN phase diagram.
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ol 4 mm fesroelectric phases. Since in the prototype 4/mmm symmetry, there is no coupling
1e3gon four-fold and two-fold axes these two modes of polarization are unreiated and have separate
be“':"w’cm {emperacures (9l and 63). Evidendy 01 decreases with Ba addition to PbNbyOg and 83
F:uﬂ so that near crossover the system switches from orthorhombic ferroelectric (Pg along 110)
i " ragonsl ferroelectric (Pg along 001).

0 From a simple L:G:D phenomenology (10) (11) it is possible to deduce the expected behavior
ak field permittivity in the orthorhombic, Fig. 20 and tetragonal, Fig. 21

isoropic we ‘
ofg"-g:,‘"?;zce I(;,he clectro-optic constants r33 and 1) depend on K3 and K| respectively, the high
regions-

alues of permittivity which occur in the polar phases are of high practical as well as theoretical
v

Ex;ﬁm ental measurements in both phases confirm the broad features of the phenomenological
expectauon (Fig. 22, 23, and 24) however, at lower temperature it is evident that both K| and K3

have relaxation character freezing out to much lower values. We believe that these are the first

ances of strong relaxation in the permittivity perpendicular to the polar axis in a ferroelectric phase
m;m clearly they can not be associated with a conventonal domain wall relaxation.
¥ On the basis of a relaxor model it is suggested that this unusual relaxor behavior may be
1ssociated with small departures of the polar axes from the simple <100> <110> farmuly of directons
1 teqagonal and orthorhombic macro symmerics.
For the situation depicted schematically in Fig. 25 it could be that there are two types of
. parriers, for 100 and 110 type switching so that the deeper wells cause a freezing out of the
. switchability in the ferroelecmc direction, at much higher wemperatures than the weaker well freezes
out the polariubihty in the perpendicular direction. o - .
Thus. even in the polar state, the orthogonal component of polarizability retains relaxation
character to freeze out at much lower temperature. That the lower temperature maxima are not simple
ferroelectric phase changes has been confirmed by pyroelectnic tests which exhibit no current maxima
\n the vicinity of the freeze out.

PR I

.ll.,l ' b

b
t
13

T
*With respect to the tetragonal axial system

Figure 20.  Schematic diagram of the expected weak field dielecr:c behavior in the orthorhombic
ferroelectnc phase of Pby ,Ba,Nb>Qgq as the composition approaches the

morphotropic boundary from the lead nch side.
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Figure 21, Schematic diagram of the weak field dielectric behavior in the tetragonal ferroelectmne
phase of Pb)_,Ba,Nb~Og from the barium rich compositions.
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Figure 23.

Figure 24,
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than the global symmetry of the crystal.
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NS
a proad family of experimental evidence has been presented which suggests that the relaxor
( A mic crystals and ceramics may be the electrical analogues of superparamagnets. Ordering
Y AR cﬂ"_‘le‘;,.ve shown that compositional heterogeneity leading to a breakdown of translational
- sudies AT responsible for relaxor chagacter. = Electrostnctive and eleczro-optic measurements
N symme :;‘e that the RMS polarization /P4 has large values at temperatures well above T the mean
':1‘:: dem point, and induced electrosuictive distortion has been measured to establish that the fluctuations
o e dynamical above T.
Aging. poling, and depoling grain size and thickness dependence of the dielectric properties
- been de'monsualed 10 be consistent with a model in which the local symmetry of the fluctuating
- have polar region is lower than the global symmetry, giving nise to an inequivalence between
. ;‘,‘:ﬁmve onentation states. [n the tungsten bronze soructure (erroelectrics in the Pby_,Ba,NbyOg
o id solution family at compositions close to the ferroelectnc: ferroelectric morphotropic boundary, it
‘ \.'\ o uggested that the lower symmetry of the local orientation states may be responsible for the most
s :,snf,;ud dielectric dispersion evident in the polar phases.
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GRAIN SIZE DEPENDENCE OF DIELECTRIC AND ELECTROSTRICTION
OF Pb(Mg)/3Nbp/3)03-BASED CERAMICS

THOMAS R. SHROUT, UMESH KUMAR, MOHAMMED MEGHERHI, NING YANG
AND SEI-J00 JANG

Materials Research Laboratory, The Pennsylvania State
University, University Park, PA 16802

Abstract. The dielectric and electrostrictive properties
of relaxor ferroelectric Pb(Mgj/3iby,3)03-based ceramics
are strongly affected by the microstructure with emphasis
on the grain size. Both the dielectric constant K and
electrostrictive field coefficient (M) were found to
increase with increasing grain size whereas the electro-
strictive polarization coefficient § was essentially inde-
pendent of preparation. It was observed, however, that
factors other than grain size, such as diffuseness of the
phase transition, must also be taken into account to ex-
plain microstructural effects on various properties of
relaxor dielectrics.

INTRODUCTIOi

It is documented and commercially realized that electrostrictive
materials such as Pb(Mgy/3Nby,3)03-based ceramics (PMN) are
suitable for application in ultra-precise pasition actuators,
especially in the field of adaptive optics.! In such applica-
tions, the materials are required to deform up to 0.1% in

strain without hysteresis and with displacement control in the
range of + 0.01 um. Thus the material's dielectric and electro-
strictive characteristics must be well understood. As in vir-
tually all ceramics, and especially piezoelectrics, the desired
properties vary with sample preparation and resultant micro-
structure with emphasis on grain size. It is believed that the
properties of electrostrictive materials are also highly depen-
dent on grain size.

Preliminary work by Uchino et al.2 revealed a large de-
viation in the electrostrictive strain magnitude as well as the
hysteresis strain level in PMN ceramics. Similar effects were
also observed in PLIT ceramics.l In the case of PMN, however,
Uchino only slightly modified the grain size and in the attempt
had to modify the composition by going Mg0 deficient which re-
sulted in a second phase, that being pyrochlore, which in itself
is detrimental to dielectric and other properties.

It is the purpose of this paper to reoort the electrcstric-
tive properties of stoichiometric single phase PMN-based ceramics
exhibiting a wide range of grain sizes as well as their effect on
dielectric and other properties.
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EXPERIMENTAL
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7 The electrostrictive material chosen for this study was a solid
-~ solution composition 0.93(Pb(Mgy/3Nb2,3)03-0.07PbTi03 (PMN-PT)).
- This composition was selected because its Curie temperature is
:“aj near to that of room temperature. The PMN-PT powder was pre-
\ pared by solid state reaction using the appropriate amount of
_ reagent grade raw materials* of lead carbonate hydroxide PbCO;.
N Pb(Qii)2**, magnesium carbonate hydroxide MgC03.Pb(OH)2, titanium
j~ dioxide*** Ti0 and niobium pentoxide**** Nb 8 Since it is
o well known that the formation of perovskite MN is difficult to
jn fabricate in single phase fonn WIthOUt the appearance of a
[ parasitic pyrochlore phase ( Nb401 » the columbite precursor
( method proposed by Swartz and hrout was used. The precursor
NG nethod is as follows:
N
] 1100° C/4 hrs
<
»
4
n 1T 0 e e e . . .
" 0.93Mg0+0.93Wb205+2.21Ti02 > Mgp.g93hby _geTig.2106-Columbi te
e 700° £/4 hrs
F.-.
‘ PbO+1/3Mgg 93iiby ggTig.2106----- > 0.93PMN-0.07PT-Perovskite
.'{
. ;ﬁ _ In processing the columbite precursor, the poor dispersion
o characteristics of Mg0 powder can lead to insufficient mixing
- intimacy and thus incompletely reacted calcined powder. To in-
- sure proper mixing, both steric hinderance (polyelectrolyte dis-
N persant) an electrostatic repulsion (pH adjustment by ammonia)
o dispersion mechanisms were required to prepare a 25 vol% slurry
S with deionized H20. The slurry was vibratory milled, followed by
T drying and calcination at 1100° C for 4 hrs. The calcined slug
was pulverized using a hammermill and the appropriate amount of
2N Pb0 was added. A 30 vol¥% slurry was prepared and vibratory milled
1 followed by drying and calcination at 700° C for 4 hours. Both
; o the colunbite and subsequent PMN calcines were examined by X-ray
o diffraction to insure phase purity. HNo second phase pyrochlore,
P within the detection limits of the X-ray diffractometer, was ob-
s served. To obtain yet a more uniform and reactive powder, the
® calcined PMN-PT powder was milled as above, to a particle size
K. of ~ 0.9 u (50%) as determined by a Microtract Particle Size
i~ Analyser.
S
N
Q\J
ot *Hamnond Lea.. Products, Inc., White Lead grade HLPA (99%).
P **Fisher Scie..tific Co., Magnesium Carbonate purified grade.
o, ***fanstee] Metals, Wbp0g Tech. Grade (99.5%).
oy **x*Whittaker, Clark and Daniels, TiOpUSP Grade (99%).
3?
L
-.:F-
e
o
~
I \-:.
N
b .
:‘a
L
.w::‘.
A S R R A I A A




GRAIN SIZE DEPCNDENCE OF DIELECTRIC AND ELECTROSTRICTION 481

Disks were prepared using PVA binder followed by burnout
prior to sintering. Sintering was performed over a temperature
range of 950° C to 1300° C for various times. To prevent Pb0
volatilization, the disks were fired in a coarse PMN sand of the
same composition. Generally a heating rate of 900° C/hr. was
used to further help prevent Pb0 loss. Weight loss, geometrical
density, and grain size were determined for all the various firings.
The grain size was determined on fracture surfaces monitored by
SEM. Samples having densities greater than 90% theoretical were
surface ground and electroded using sputtered on gold.

The dielectric measurements were carried out on an automated
system (described in Reference 4). Both the dielectric constant
and dissipation factor were measured pseudo-continuously at
various frequencies (100 Hz, 1 kHz 10 kHz, and 100 kHz) as the
samples were cooled from 125° C to -55° C. Typically 3-4 samples
from each thermal history were measured. The parameters used
for aralysis of the dielectric data were the maximum dielectric
constant (1 kHz) and the temperature (T.) at which this maximum
occurred. Since most of the samples had approximately the same
density, no correction for porosity was made.

The electric field (E) induced electrostriction strain
(transverse) coefficient My, expressed in the following equation,

S2 = MyE2 (1)

where S is the transverse strain, was determined using a resistive
strain gauge technique, under an a.c. electric field of 0.1 Hz
applied to the sample. In conjunction with a modified Sawyer-
Tower system, the electrostrictive polarization Q) coefficient

as expressed by the following equation was also determined

S2 = Q2P2 (2)
RESULTS AND DISCUSSION

Physical and dielectric properties of PMN-PT samples as a function
of thermal history are reported in Table 1. As tabulated, firing
as low as 950° C for at least 4 hrs could result in densities
greater than 95% theoretical (v 8.11 g/cc). In general, the
weight loss of Pb0 was maintained in the range of 0.5 to 1.5 wt%
with slightly higher losses occurring at higher temperatures.

Also reported in Table 1, is a wide range in grain sizes
{(~ 1.5 u to 9 u) for the various firings. It is clearly evident
that low temperature firings resulted in relatively small grain
sizes (2-3 u) with grain growth occurring at higher sintering
temperatures. Even at sintering temperatures as high as 1300° C,
which is near the melting point, however, individual grains larger
than 15 1 could not be achieved whereas grains greater than 20 u
were reported in Uchino's work. Lack of large grains can be
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attributed to the fine and uniform stoichiometric powder thus
being less susceptible to abnormal grain growth. Also evident
from Table 1 was the fact that sintering times had little affect
on grain growth. Typical photomicrographs from fractured sur-
faces are shown in Figure 1. As observed in the case of most
lead-based relaxor dielectrics, the fracture was intergranular be-
lieved to be the result of a weak amorphous PbQ grain boundary
phase.5 However, for certain samples fired for extended periods
of time, the fracture was transgranular. HNo explanation as to
why both types of fracture occurs can be given at this time.

v -~ DM
Tl o

FY
A3
S
v
N
L g
s
o
L
i3
.'-‘:.
®
%L,
- Figure 1. StM photomicrographs of fractured surface of PMN-PT
- samples (left-1150° C/0.% hrs.; right-1250° C/20 hrs.).
CA
‘\ -
N
Caal - - -
-f‘_ FIRING COMDITIONS WT LOSS o {g/cc)  GRAIN SIZE kgae  To (°C) 6 (*C} **My»(x10-16m2v-2)  Q;,{x10-2md¢-2)
950° C-0.5 hes  0.5% 7.4 1.5 wa 11.500 2 58 -0.60 -0.5%
o 4 nrs 0.7 7.83 2 13,000 2.8 50 -0.74 0.47
e a8 nrs 0.6 7.88 2 20,300 39 -1.20 -0.59
‘:__, 1750° C-C.§ hes 0.8 7.88 2 12.600 20.6 57 -0.47 -0.47
o \nirconate sand) (0.97) (14,800) (47)
s~ 4 hes 0.5 7.91 5 15,700 20.5 as R
e 20 nrs 1 7.89 » 15,800 22.2 o -1.38 -0.45
® 1150° €-0.5 nrs 0.7 7.87 3 13.500 19.7 48 -1.06 -0.59
" (zirconate sand} (0.87) (15,100} (a7)
-7 anry 1.0 7.48 3 17,800 I} 1.2 -0.56
:‘-' 1250° C-0.5 nrs 1.1 7.84 e 17.5000 .ee a“ -1.4% -0.53
A 4 nrs 1.2 1.82 6.5° 20,800 18.4 «Q -1.52 -0.60
- 20 nrs 145 7.76 ge 22,800 17.9 3 -1.59 -0.70
ok 1300° C-0.5 nrs 1] 7.82 6 21,000 18.7 Q -1.66 -0.49
®
::'; *Transaranular fracture ocoserved.
:’: **ialue geterminal ot E-freld of 1106 v/m.
-:..'- Tanle 1 Pnysical, Drelectrical, and Electrostrictive Properties of PIVI-PT Ceramics.
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Dielectric Properties

Characteristic of relaxor ferroelectrics, all the samples exhibited
similar frequency dispersion behavior of both k and loss. Typical
k vs T curves (0 YkHz) for several samples fired at various tem-
peratures with similar hold times and their corresponding grain
sizes are shown in Figure 2. As clearly evident from Figure 2,
there appears to be a significant dependence of k with grain size,
with k increasing with grain size. Similar results were reported
Dy Swartz et al. The grain size dependency is believed to be
attributed to low dielectric constant continuous or semi-continuous
amorphous ?ra1n boundary phase (~ 5 to 10 nm) comprised primarily
of Pbo(5 A plot of kmax as a function of grain size for all
PMN-PT samples reported in Table 1 is shown in Figure 3. As
evident from the figure, PMN-PT samples having similar grain sizes
can have drastically different levels of kpax- This is especially
observed for samples fired at lower temperatures (950 to 1050° C).
One possible explanation could be related to the amount of the
amorphous Pb0 grain baundary phase present. Empirically, samples
with higher weight loss due to PbO volatility, have in general,
higher levels of kpax. Further evidence of the effect of PbO
weight 1oss on kyax was investigated by firing PMN-PT samples in

a coarse zirconate sand, which promoted Pb0 weight loss during
sintering. As expected, such samples had significantly higher k
than their fired PMN-sand fired counterparts. As a note, such
firings in the zirconate sand were only successful at the lower
firing temperatures and short times where reactivity between the
PMii-PT samples and the sand was minimal. PMN-PT samples with
higher weight loss also had slightly shifted T, (downward) also
reported by Swartz.4

25000 Lg L} LE I L] T L § L4

,

! - (1) -1050°C/0. She's
20000 (2)-1150°C/0. Shes S

~ T

(3)-1250°C/0. Shrs
(4)-1300%C/0. Shrs

15000

10000

5000 |

DIELECTRIC CONSTANT k

=55 -35 ~-15 5 25 45 65 85 105 12%
TEMPERATURE (°D)

Figure 2. Dielectric constant k vs. temperature (8 1 kHz) for
PMN-PT samples fired at various temperatures with similar hold times.
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G
;xj- The dielectric grain size dependency explanation presented
Py above neglects the fact that the starting PMN-PT powder was
o stoichiometric and that all the samples had weight loss due to
e Pb0 volatilization. Thus the question arises, where did the
. S amount of PbQ grain boundary phase required to significantly vary

g the bulk dielectric constant come from? Perhaps phase{s) such
g as pyrochlore and thus free Pb0 are present but in quantities
NG Outside X-ray diffraction limits.

:;:: A further explanation of the wide range of kmax's for
N similar grain sizes was believed to be related to the level
"3 of diffuseness: of the phase transition. For ferroelectrics

with diffused phase transitions, the law 1/k ~ (T-T¢)2, has
" been shown to hold over a wide temperature range instead of

o the normal Curie-Weiss Law(7,8). Given that the local Curie
'r:e temperature distribution is Gaussian in nature, a level of dif-
N fuseness (§) can be determined from the plot of the reciprocal
'*t; dielectric constant as a function of (T-Tc)2 as given by the

= expression
2.

o 1~ 1 . (T-T¢)? ;
5 _—=
Yo k ~ kmax ~ 2kmé< (3)

‘T
i;j where T is a temperature above T, and kpax the y-axis intercept.

' Figure 3 shows a plot of 1/k vs (T-T¢)2 for various PMi-PT

- samples with various thermal histories. As shown, it is clear

SN that samples fired at relatively low temperatures and short times

Y :~ had significantly higher slopes and thus larger diffuseness param-

‘_:: eters (6). The diffuseness parameter & for all the sanmples can

o be found in Table 1, and when plotted as a function of kpax, as
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shown in Figure 4, a good correlation even for equivalent grain
sizes was ovserved. The variation in diffuseness of the phase
transition may be the result of defects produced during high
energy milling which essentially anneal away during sintering.
The less diffuse nature of PMN-PT samples fired at higher tem-
peratures {(or longer times at lower temperatures) could also

be the result of short range ordering of Pb vacancies as pro-
posed by Randall et al.9, which would also correlate to the
higher weight losses presented earlier.

Along these same lines, a model proposed to explain the grain
size dependence of the dielectric constant in (Pb,La)(Zr,Ti)03
(PLZT) ceramics10 was believed to be the result of steep
compositional gradients near the grain boundary. This region
being highly stressed and disordered affects the thermal reor-
ientation of polar micro-regions and acts as a reduced dielectric
constant boundary layer. Thus larger grain size samples exhibit
higher dielectric constants. The above model works well to ex-
plain the grain size dependence of dielectric constant found in
PMi{-PT reported in this work. Perhaps a reduced polarizability
boundary region is the result of the high energy milling of the
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powder. For samples with small grains yet having large dielec-
tric constants, such as the 950° C/48 hr samples, the long thermal
treatment effectively anneals away the defective boundary region.
Henceforth, if the degree of disorder (or order) can be main-
tained by proper thermal treatment, little if any grain size de-
pendency on the dielectric properties will be observed. Clearly,
however, an extensive amount of work is still required to quan-
tify the above proposed model.

0. 93 PMN-0.07 PT
PMN Sand: Heating rate- S00/H~
0. 0004

T

X 0.0002

1.950°C/0.5 ke
2.1050°C/0.5 hr
3.1150°C/0.95 he
. 4.1250°C/0.5 he
00000 L 5.1300°C/0.5

0 6000 12000
(I-1.)°

Figure 3. Reciprocal dielectric constant vs. (T-T¢)2 for various
PMi{-PT samples.

Electrostriction

Typical strain-field curves for several PMN-PT samples of varying
grain size are shown in Figure 6. Unlike the results by Uchino
et al.2, the level of strain hysteresis, the deviation of strain
between rising and falling fields, was found to be very small for
all PMN-PT samples regardless of their thermal history.

Both electrostrictive field (Mj2) and polarization (Qyp coef-
ficients determined for the PMN-PT samples are reported in Table
Il. As expected, samples with larger grain sizes, but more im-
portantly higher dielectric constants, had the largest electro-
strictive polarization strain levels, and thus the higher My
values. The electrocstrictive polarization coefficient Qyp, how-
ever, was found to be virtually independent of thermal history
whether it be grain size, weight loss, etc. Values of Qi re-
ported in this work were found to be similar to those reported
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SUMMARY

The dielectric and electrostrictive behavior (M) of PMN-PT cer-
amics is strongly affected by preparation history. Both k and My
were found to significantly increase with grain size. However,
grain size alone could not explain all the results whereas the
level of the diffuseness of the phase transition must also be
taken into consideration. HNo significant affect of thermal his-
tory on the electrostrictive polarization coefficient (Q) was
observed.

To further substantiate the origin of varying degrees of
disorder {order), further work using pyroelectric measurements
to investigate macro- and micro-polar behavior and TEM techni-
ques must be employed.

In conclusion, to insure optimum properties for electro-
strictive actuators, particularly if small grain size is de-
sirable, as for the case of multilayer actuators, careful
thermal preparation must be used.
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0.91Pb(Zn,,;Nb,,y )O,-0.09PbTiO, was prepared by a sol-gel route in which Zn and Nb were prereacted to form
“Zn{Nb(OEt),]," in situ. Calcination conditions were vaned to optimize the percentage of perovskiie phase stabilized. The
maximum amount of perovskile phase siabilized was 75%, which occurred at a calcination 1emperature of 1000°C.

1. Introduction

Much attention has been directed in the recent
years towards lead-based ferroelectric compounds
with a perovskite structure and a general formula
Pb(B'B")O, for capacitor and clectrostnctive appli-
cations. Lead zinc niobate, Pb(Zn,,;Nb,,)0,
(herein designated PZN), is such a ferroclectric
which has a high dielectric constant and a diffuse
phase transition. Single crystals of perovskite PZN
have been synthesized by the flux method. These
single crystals show excellent dielectric, optical and
electrostrictive properties [ 1-3]. The solid solution
between PZN with rhombohedral symmetry and
PbTiO, (PT) with tetragonal symmetry has a mor-
photropic phase boundary (MPB) near 9 mol% of
PT [4). Single crystals grown by the flux method with
compositions near the MPB show unusually large
dielectric and piezoelectric constants and electro-
mechanical coupling coefficients (92%) (5]. Con-
ventional ceramic processing has remained
unsuccessful in preparing perovskite-type PZN or
PZN-PT ceramics. The product obtained by solid-
state reaction at = 1100°C is mainly the cubic py-
rochlore phase, Pb,Nb,O,,, which of course is det.
rimental to both the dielectric and piezoelectric
properties.

Sol-gel processing offers a number of advantages
over conventional mixed-oxide processing. These
include higher punty, molecular homogeneity,

396

reduced firning temperatures and finer control of
microstructure. It is feasible that these advantages
could result in the ability to form new matenals oth-
erwise unobtainable. The present study was under-
taken to determine if sol-gel technology could be
utilized to stabilize the perovskite phase in PZN-PT
ceramics at a composition near the MPB. The
reduced firing temperatures required for sol-gel pre-
pared materials may make this possible. The differ-
ent reactivities of the species in solution as opposed
1o the reactivities of the oxides in the solid-state
reaction may also be an important factor in deter-
mining if the perovskite phase can be stabilized.

2. Experimental
2.1. Sol-gel processing

A sol-gel process similar 10 that reported by
Gurkovich and Blum [6,7] for the formation of
PbTi10, monoliths was investigated for the forma-
tion of 0.9le(ZD|/3Nb1/; )O;-OO9PbT10,

The chemicals Pb(OAc),-3H,0 (Aldrich, 99+ %),
Zn{OAc),-2H,0 (Aldrich, 98+%), Nb(OE),
(Alfa), Ti(O-i-Pr), (Aldnich), ZnCl, (Aldrich,
99.999%), potassium { Aldrich, sticks in mineral oil)
and 2-methoxyethanol (Aldrich, 99%, herein referred
10 as 2-MOE) were used as supplied. Anhydrous
cthanol (Pharmco, 200 proof) was freeze-pump-

0167-577x/87/% 03.50 © Elsevier Science Publishers B.V.
(North-Holland Physics Publishing Division)
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thawed and stored over molecular sieves to be free
of both H,O and O,. Manipulations with ZnCl; and
the moisture sensitive Nb(OE1),, Ti(OR), and
potassium were done under anhydrous N, aimo-
sphere. The reaction vessel employed for sol for-
mations was a simple distillation assembly. This
consisted of a three-neck round bottom flask
equipped with a N; purge (1o prevent moisture from
entering the system duning cooling cycles) and a
thermometer to monitor solution temperature, a
Claisen stillhead adapter (for sequential addition of
reagents), a thermometer for monitonng the vapor
temperature and a condenser.

This sol-gel route involves the reaction of the
organometallic compound Zn[Nb(OEt),],, gener-
ated in situ, with a sol containing the appropriate
amounts of Pb and Ti. While Zn[Nb(OEt).}; has
not previously been synthesized and reported in the
literature, Mchrotra and co-worker have reported the
preparation of similar complexes, such as
Zn[Al(OR).]; and Ni{Nb(OR),]; [8]. A reaction
pathway similar to Mehrotra's [8] was chosen to
generate Zn[Nb(OEt)¢]; in situ:

E1OH + Nb(OE1)y

K KOE!

EI1OH

KNDb(OE1),

+{ZaCY;

§Zn[Nb(OE1),); +KC1. (1)

EIOH

As this compound was expected to be very moisture
sensitive, all handlings were done in dry N, atmo-
sphere and all flasks were flame-dried while under
vacuum,

The synthesis of KNb(OEt), was reported by
Mehrotra et al. [9J. A 100 ml Schienk flask was
charged with 16 ml anhydrous EtOH, potassium
(0.32 g, 8.2 mmol) and Nb(OEt)s (2.59 g, 8.14
mmol). This faint yellow solution was refluxed 2.5
h to give a colorless solution. To this was added a 13
ml E1OH solution of ZnCl; (0.56 g, 4.1 mmol) via
canula and a precipitate (KCl) formed immediately.
The reaction mixture was refluxed 1.5 h to be sure
that reaction was complete. Toluene (10 ml, dry and
degassed) was added to decrease the already slight
solubility of KCl in EtOH. The resulting mixture was
filtered (Schlenk fnit, still in N; atmosphere) and the
solvent was removed from the colorless solution in
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vacuo to give a white residue. This residue was not
analyzed. but was assumed to be the desired
Zn[Nb(OEt),],.

To prepare the Pb sol, a 250 ml flask was charged
with Pb(QAc).-3H.O (5.09 g, 13.4 mmol) and 2-
MOE (100 ml). The solution was heated until the
temperature of the condensing vapors reached that
found for pure 2-MOE (122-123°C under our con-
ditions). To this anhydrous Pb sol, maintained at
= 80°C, was added Ti(O-i-Pr), (0.36 g, 1.2 mmol)
and a 10 ml 2-MOE solution of the Zn{Nb{OEt),].
residue. This reaction solution was heated until the
temperature of the condensing vapors reached
123°C. It was then immersed in a liquid N,/i-PrOH
bath (= —-20°C) and a solution of distilled H.O
(0.97 g, 54 mmol) and 2 ml 2-MOE was added drop-
wise. Gelation occurred within 3 h to form a yellow
gel. This gel was dried in vacuo to yield a white
amorphous powder (5.3 g).

2.2. Heat treatments and measurements

The amorphous powders were heat treated under
various finng conditions. Temperatures were varied
from 325 10 1100°C, and were held for periods of
time ranging from 15 min to 2 h. Samples were heated
either at a slow temperature ramp (= 125°C/h) or
by fast-fire (samples placed directly in furnace
already at the desired temperature). Sample cooling
was attained either by a slow cool process (samples
cooled in the furnace with power off) or by a water
quench method.

The relative amounts of perovskite and pyrochlore
phases at room temperature were determined using
powder X-ray diffraction patterns. Powder X-ray
diffraction studies of these samples were performed
using Cu Ka, (4=1.54059 A) radiation with a
SCINTAG PAD V diffractometer (SCINTAG Inc,,
Santa Clara, CA, USA) at 40 kV, 35 mV and scan
2 deg/min. The major X-ray peak intensilies were
measured for the perovskite and pyrochlore phases,
i.e. (110) and (222), respectively. The percentage of
perovskite phase was calculated using the following
equation:

% perov =100 /eror/ (Toyro + Lperon ) - 2)
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3. Results and discussion

To study the efTect of calcination conditions on the
stability of the perovskite phase, the sol-gel derived
0.91Pb(Zn,,3Nb,,3)0,-0.09PbTiO, amorphous
powder was calcined at different temperatures for
varying periods of time with different heating and
cooling ramps. Table 1 shows the results of this study
in terms of the percentage of perovskite phase
detected (eg. (2)). The formation of perovskite phase
occurs within the temperature range from =900 to
=1100°C. The maximum amount of perovskite
phase stabilized was 75% at a calcination tempera-
ture of 1000°C. At temperatures <900°C, pyro-
chlore (P;N,) is the only phase observed (by X-ray
diffraction). At temperatures > 1000°C, the amount
of perovskite phase decreases probably due to the loss
of PbO at higher temperatures. It has been shown
that the loss of PbO favors the formation of the pyro-
chlore phasse in PMN ceramics [12,13]. At calcina-
tion temperatures > 1100°C, the perovskite phase is
probably not stable at all and none was detected.

The time periods and/or the heating and cooling
ramps show a peculiar behavior within this temper-
ature rang (900 to 1100°C). At the 950 and 1000°C

Table |
Amount of peravskite phase formed as a function of heating and
cooling ramps

Calcination Time Heating Cooling %
lemperature (min) method method perovskite
(°C)
650 60 ramp siow 0
750 60 ramp slow 0
800 15 fast-fire quench 0
850 60 ramp slow 0
900 15 ?asl-ﬁn quench 55
900 60 ramp slow 25
950 15 fast-fire quench 63
950 60 ramp slow 65
978 15 fast-fire quench 66
1000 15 fast-fire quench 73
1000 60 ramp slow 75
1025 15 fast-fire quench 61
1050 15 fast-fire quench 65
1100 15 fast-fire quench 63
1100 60 ramp _ slow 29
1100 60 ramp quench 33
1100 60 fast-fire slow 30
1100 60 fast-fire quench 30
398
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calcination temperatures, the matenals that were
slowly heated, calcined for 60 min and allowed 1o
cool slowly were essentially the same % perovskite as
those that were fast-fired, calcined 15 min and H,O
quenched. Contrarily, at calcination temperatures of
900 and 1100°C the materials that were slowly
heated, calcined for 60 min and slowly cooled were
very different in the % perovskite than those that were
fast-fired, calcined only 15 min and H,O quenched.
For the 60 min calcination at 1100°C, varying the
heating and cooling ramps produced no change in
the amount of perovskite phase formed (see the last
four entries in table 1). This suggests that it is the
time period of the calcination that determines the %
perovskite formed and not the heating or cooling
ramps employed.

Fig. 1 shows the powder X-ray diffraction patterns
of samples heat treated at various temperatures for
1 h periods (slow temperature ramp and slow cool-
ing employed). It is apparent from fig. 1 and table

TTTTTTTTTTTT T 70701

P
P, y P,
;JL‘-'LA——_———L‘———L
Q
FEBT SN NN ..
26 36 6 56

28

Fig 1. Powder X-ray diffraction patterns of the sol-gel derived
PZN-PT amorphous solid heated at vanous temperatures: (a)
440°C, (b) 850°C, (c) 900°C, (d) 1000°C and (¢) 1125°C. P,
and P, denote the pyrochlore and the perovskite phase,
respectively.
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1 that the pyrochlore (P;N,) phase is formed in the
Jow-lemperature region prior 1o perovskite phase
formation. This pyrochlore phase was observed to be
forming even at 325°C (not shown). As there were
a few small X-ray peaks that could not be indexed,
there may be a small amount of some unidentified
phase(s) present.

DifTerential thermal analysis (DTA) curves of the
amorphous solid show a large exothermic peak from
340 to 600°C attributed to burn-ofT of the organics,
and an endothermic peak from 860 10 930°C, which
we attributed to perovskite phase formation. This is
consistent with the results of the heat treatments, as
perovskite phase was not observed at temperatures
below 900°C. As pyrochlore was observed even at
temperatures as low as 325°C, the peak due 10 pyro-
chlore formation must be lost in the large organic
burm-off peak.

To understand the causes for pyrochlore forma-
tion, the reaction kinetics and thermodynamics of
the system must be considered. There have been rel-
atively few studies concerning the formation mech-
anisms and kinetics of these ferroelectrics, with much
attention directed at Pb(Mg,,,Nb,,; )0, (PMN).
Several studies indicate that the reactivity of the
oxide MgQ (or the oxide of the corresponding B’ site
cation in other such Pb(B'B")0; ferroelectrics) is
directly related to the formation of the perovskite
phase. Variations in processing that improve the
reactivity of MgO, such as finer raw materials [10],
mixing/milling  (improve dispersability [10],
repeated calcinations [10], and the sol-gel tech-
nique [11], result in a significantly increased amount
of perovskite PMN. No such vanation in processing,
however, has yielded a 100% perovskite PMN
matenal. -

Realizing the importance of the reactivity of MgO,
Swartz and Shrout [12] devised a method for the
preparation of pyrochlore-free PMN ceramics. This
approach involves prereacting the B’ and B~ site
oxides, MgO and Nb,0,, to form MgNb,Q,, which
has the columbite structure. The MgNb,0, is then
reacted with PbO 1o form 100% pure perovskite
PMN. The success of this method lies in the pre-
reaction of MgO and Nb,O,, This eliminates the
possibility of PbO preferentially reacting with Nb,O,
to form the pyrochlore P,N, phase. Gururaja et al.
(13] attempted to utilize this approach to prepare
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perovskite PZN ceramics. ZnO and Nb,O, were
prereacted to form ZnNb,0Q,. followed by subse-
quent reaction with PbO. The product of this reac-
tion turned out 10 be pyrochlore, and the perovskite
phase could not be stabilized in PZN ceramics by this
method. This signifies that the reaction kinetics are
not the only determining factor for pyrochlore for-
mation in the PZN system. As this method has also
failed 10 stabilize the perovskite phase in other cases
(C.g. Pn(Zn,,;Ta;,,)O; and Pb(Cdungzu )O,). it
is apparent that the thermodynamics of these sys-
1tems must also be considered.

The relative stabilities of the pervoskite and other
possible structures for the ABO,; family of ceramics
has received a great deal of atiention over the years.
The two basic requirements for the stability of the
perovskite structure are: (1) the ionic radn of the
cations should be within proper limits and (2) the
cations-anions should have a strong ionic bond. The
first requirement refers to the size of the perovskite
unit cell. Goldschmidt suggested the concept of a tol-
erance factor (1) to describe the stability limits of a
crystal structure in terms of the ionic radii [14]. The
perovskite structure was concluded to be expected
within the limits 1=0.88 to 1.09 (when the ionic radii
for the A site cations are corrected for coordination
number 12). The second requirement concerns the
ionic character in the bonds. The difference between
the electronegativities of a cation and anion is pro-
portional to the degree of ionicity within the bond.
In an effort to understand the relationship of these
two basic requirements in determining perovskite
structure stability, Halliyal et al. [ 15] reported a plot
of the tolerance factors and electronegativity differ-
ences for several known ABO,-type perovskite com-
pounds. An important trend becomes apparent as a
result of this plot. Compounds that have both large
tolerance factors and large electronegativity differ-
ences, e.g. BaTiO, (BT) and KNbO, (KN), have
stable perovskite structures. For the Pb(B'B")O,
compounds, PMN, PZN, Pb(Fe,,;Nb,,; )O; (PFN),
Pb(Fe,;W,,3)0; (PFW), Pb(Ni,;;Nb,, )O; (PNN)
and Pb(In,,;Nb,,; JO; (PIN), the tolerance factors
and electronegativity differences both are small, and
the perovskite structure is not easily stabilized. Thus,
in the case of these latter mentioned ferroelectrics,
it appears that the thermodynamics of the system are
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Stabilization of the Perovskite Phase and

Dielectric Properties of Ceramics in the
PKZn, ;Nb, ;)0:-BaTiO; System

ARVIND HALLIMAL,' UMESH KUMAR,"' ROBERT E. NEWNHAM," and LESLIE E. CROSS*
Pennsylvania State University, Materials Research Lab, University Park, PA 16802

The formation of a pyrochlore structure phase is a major
problem in the preparation of P%Zn,;Nb,,,)O, (PZN)-
based ceramics since its presence is detrimental to the
dielectric and piezoelectric properties. An analysis of
electronegativity difference and tolerance factor of sev-
eral ABO, type of compounds shows that BaTiO, is an
excellent additive to stabilize perovskite phase in PZN,
and the present experiments show that 6 to 7 mol% of
BaTiO, stabilizes perovskite structure in PZN. Phase re-
lations, ceramic preparation procedure, and dielectric
properties of compositions in the PZN-BT system are
presented. Curie temperatures of the compositions in this
system range between —130° to 140°C. Compositions
suitable for capacitor application have been identified.

Lcad zinc niobate (Pb(Zn, ;Nb, ,)O,, hereafter designated
PZN) is a ferroelectric with perovskite structure exhibiting a
diffuse phase transition. It has a rhombohedral structure at room
temperature and undergoes a phase transition at =140°C to
cubic structure. Single crystals of PZN with perovskite struc-
ture can be synthesized using the flux method. Single crystals
of PZN shawing excellent dielectric, optical, and electrostrictive
properties have been studied extensively.'”

The solid solution between PZN with rhombohedral sym-
metry and PbTiO, (PT) with tetragonal symmetry has a mor-
photropic phase boundary (MPB) at room temperature for a
composition near 9 mol% of PT.* Single crystals with compo-
sition near the MPB show unusually large dielectric and pie-
zoelectric constants and higher electromechanical coupling coef-
ficients (92%)’ than those of the PZT family of ceramics. Single
crystals of PZN-PT can also be grown by the flux method.*

It is very difficult to prepare pure PZN or PZN-PT ceramics
with the perovskite structure by conventional ceramic process-
ing. The product obtained by solid-state reactivn at =1100°C
is largely a cubic pyrochlore phase of the type Pb,Nb,O,, which
is detrimental to both dielectric and piezoelectric properties.
The formation of pyrochlore phase has been observed in a num-
ber of lead-based 4(8' 80, type ferroelectric compounds with
perovskite structure.*

“Member. the Amencan Ceramic Society

Recewved July 14, 1986, revised copy received September 19, 1986, approved
December 5. 1986

The problem of pyrochlore formation has been studied in
Pb(Mg, ;Nb, )O, (PMN) ceramics. By following a different
processing scheme, Swartz and Shrout® were able to stabilize
perovskite structure in PMN. The reaction sequence used by
them is
1000°C

MgO +Nb.0, MgNb,0, (1)
MgNb,0, + 3Pb0 22°C. 3pp(Mg, ,Nb, ,)O, (2)

In this method, MgO is prereacted with Nb,O, to form MgNb,O,
which has columbite structure. The MgNb,0, is then reacted
with PbO to obtain 100% pure perovskite PMN ceramics. Since
Mg * and Zn"? have same charge and approximately similar
ionic radii. it seems plausible to prepare perovskite PZN ce-
ramics by first preparing ZnNb,O, by reacting ZnO and Nb,0;
and subsequently reacting ZnNb,0O, with PbO. For reasons which
are not clear, the reaction product obtained by this reaction
sequence is pyrochlore.’

Recently, Furukawa et al.*® have reported that the formation
of the pyrochlore phase in PZN can be suppressed by adding
15 mol% of either BaTiO, or SrTiQ,. These ceramics show a
maximum dielectric constant of =5000 which is much lower
than that of PZN single crystals (=60 000). The ceramics in
the (1 ~x)PZN —xPT system always yield a mixture of per-
ovskite and pyrochlore phase when x<<0.75." The peravskite
structure in PZN-PT ceramics can be further stabilized by the
addition of Ba(Zn, \Nb, ,)O,." or by the partial substitution of
PbO with K,0."? These additions, however, dilute the dielectric
and piezoelectric properties. Lastly, perovskite type PZN can
be synthesized under high pressure at elevated temperature.'®

The present study was undertaken to stabilize perovskite phase
in PZN ceramics by adding only a small percentage of a second
perovskite compound. [f the perovskite phase can be stabilized
by only a small amount of a second component, the properties
of PZN probably will not be altered significantly. From the work
of Furukawa et al.! it is clear that the perovskite structure in
PZN can be stabilized by the addition of a more ionic com-
pound. In the present work, an analysis of the stability of several
compounds having the perovskite structure is made by consid-
ering the structure field map and ionic nature of the chemical
bonds. This analysis shows that BaTiO, (BT) is an excellent
additive for stabilizing the perovskite structure in PZN. The
present preparation studies confirmed that BT is very effective
in suppressing the formation of pyrochlore phase in PZN. In
the present paper the preparation procedure, phase relations,
and dielectric properties of several compositions in PZN-BT
binary system are reported.

Stability of Perovskite Structure

The stability of different crystal structures belonging to a
particular class of compounds can be studied by structure field
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Fig. 1. Structure field map of ABO, [per-
ovskites]—BT: BaTiO,; ST: SrTiO,; PT:
PbTi0,. KN: KNbO;: BZ: BaZrQ,; PZ
PBZrO,, PZT: PZr,;Ti, )0y PMN: PH(Mg,q
ND; 3)0;; PZN: PB(ZN, ;ND, 3)O,: PFN: PbyFe,
ND, )O;. PFW: Pb(Fe; 3W, ;)05 PNN: Pb(Ni,
JND2 )05, PIN: Pb(In, ;ND, ;)O,; BZN: Ba(Zn,
INB;3)0,

vs tolerance factor.

maps.'’ Structure field maps provide a useful way of correlating
ionic radii with structure types. A structure field map of 480,
compounds near the perovskite region is shown in Fig. 1. Here
r, is the radius of the larger cation and 7, is the radius of the
smaller cation. Several 48O, type ferroelectric oxides are marked
in this diagram. It is clear that all the compounds under con-
sideration fall well within the ideal perovskite region of the
A structure field map. However, it is difficult to prepare several
B A(8'8)0, lead-based compounds such as PMN, PZN, PFN,
PFW, PNN, and PIN in perovskite form by the usual ceramic
processing techniques. Such mixed oxide methods yield a mix-

§
e ture of perovskite and pyrochlore phases. The occurrence of
e pyrochlore structure can be explained by considering the ionic
. j‘- nature of the chemical bonds in these compounds.
_';.-':_ Oxide perovskites are basically ionic compounds. For an 480,
RCRY compound to form a stable perovskite structure, the ionic radii

of the cations should be within proper limits and the elements
should form strong mutual ionic bond. Goldschmidt has pro-

O

Q_“.;: posed the concept of tolerance factor to describe the stability
VSN limits of a crystal structure in terms of the ionic radii.'* For the
| .(-:.- perovskite structure, the tolerance factor, 4, is given by
L r,tr
e =29 3)
SO v 2retro)
® Here r, and r, are the ionic radii of cations 4 and B and rg is

o the ionic radius of oxygen. The perovskite structure is stable if

oo tis large.!

-..::-.: The second factur to be considered in determining the sta-

: o bility of perovskite structure is the degree of jonic character of
ol the chemical bonds in the compound. The percentage of ionic
LGN character of the bonds is proportional to the electronegativity
[ difference between cations and anions.

SRR For several ABO, compounds with perovskite structure, the

o tolerance factors were calculated using Eq. (3) and the ionic

i .': radii proposed by Shannon and Prewitt.'*'* The electronegativ-

k- o ity differences of cation 4 and oxygen (x.,-o) and cation B and

;.:::.: OXYgen (X4 -0) werelcalculated using Pauling’s elgctronegativity
s, scale ” For .4(8'B")O, type perovskites, a weighted average

value was used for calculating 74 and x,.0. A plot of average
eiectronegativity differences (x.-0+ xs-0)/2 vs the tolerance
factor 15 shown in Fig. 2

A few interesting observations can be made {rom Fig. 2. Bar-
ium titanate and KNbQ, have both large tolerance factor and
large electronegativity difference, and hence these compounds

Fig. 2. Plot of electronegativity difference

-
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Fig. 3. Microstructure of (A) 0.9PZN-0.18T
(bar=10 um) and (B) 0.85PZN-0.158BT
(bar=5 um). Both were sintered at 1150°C
for 1 h.

should have stable perovskite structure. For PbO-based perov-
skite 4(8'8)0, compounds, PMN, PZN, PFN, PFW, PNN,
and PIN, both the tolerance factor and ¢lectronegativity dif-
ference are small, and hence they may not form perovskite struc-
ture easily. However, there are certain exceptions, such as PbZrO,
which has a low tolerance factor and low electronegativity dif-
ference but never shows the formation of a phase with pyro-
chlore structure. Probably for these compounds, other factors,
such as electron configuration, cation valence stability, ordering
parameters, ¢tc., should also be considered.

Figure 2 also shows that it should be more difficult to stabilize
PZN in perovskite form than PMN which is in accordance with
experimental results. PMN can be prepared in perovskite form
by repeated calcination or by the reaction sequence proposed
by Swartz and Shrout.* It is not possible to stabilize PZN in
perovskite form by these techniques. The figure also reveals why
the solid solution system (1 —x) PZN —xPT can be stabilized
in perovskite form if x>>0.25. The addition of PT to PZN in-
creases both the net tolerance factor and the electronegativity
difference. Since BaTiO, has the largest electronegativity dif-
ference and tolerance factor it should be possible 10 stabilize
PZN or PMN in perovskite form by adding a smaller percentage
of BaTiO, than PbTiO,. Present studies indicated that the ad-
dition of 6 to 7 mol% of BaTiQ, is sufficient to stabilize per-
ovskite structure in PZN. It should be noted, however, that the
analysis presented here is one of quasithermodynamic equilib-
rium. Previous studies have shown that PZN single crystals can
be prepared in perovskite form by the flux method either by
slow cooling of the melt or by water quenching.'* On reheating
the crystals, the perovskite structure converts to pyrochlore
structure at =600°C, indicating that the perovskite structure
in PZN is in metastable condition for the above preparation
procedure. Reaction kinetics also play a major role in the sta-
bility of perovskite structure in ferroelectric relaxors such as
PMN or PZN. In PMN, the perovskite structure can be sta-
bilized cither by repeated calcination or by the columbite pre-
cursor method, as described earlier.® For a better understanding
of the stability of perovskite structure in lead-based ferroelectric
relaxors, one should consider reaction kinetics also. The kinetics
of the reaction would depend to a large extent on the purity,
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Table I. Calcination and Sintering Temperatures for
(1 —x)PZN—-x8T

Table Il. Amount of Additives Needed to Stabilize
Perovskite Phase in PZN

Percentage of Amount
Calcination Sintering Perovskite theoretical Additive (mol%
temperature temperature Time phase density -
x 1F"¢C)u (*C) (h) (%) (%) BaTiO, 6-7°
SO, 9-10"
0 900 1000 4 0 PbTiO, 25-30°
0.02 900 1000 3 35 _1R®
BaZrQ, 15-18
00S 900 1075 | 85 90-92 Ba(Zn. ,Nb, ,)O, 150
0.07 900 1100 ! 100 94-97 Replacing Pb with K 10
008 900 1100 ! 100 94-97 o
PbZrO, 55-60
009 900 1100 | 100 94-97 -
0.10 900 1150 1 100 95-97 From present work.
01s 900 1150 | 100 95-97
020 $00 1150 1 100 95-97
0130 900 1175 ! 100 94-96 rest of the procedure for preparing ceramics is the same as
Ofg 388 :‘Z(S) : }% gtg: described above. Selected compositions containing 0.1 to 0.4
g;,o 900 1375 1 100 94-96 wt% of MnO, were prepared to determine the cflect of MnO,
070 1150 1325 . 100 94-96 on dielectric properties.
0 80 1150 1325 ) 100 92-95 The relative amounts of pyrochlore and perovskite phases
035 1150 1325 2 100 9395 were determined using powder X-ray diffraction patterns of sin-
0.90 1150 1350 2 100 90-92 tered samples by measuring the major X-ray peak intensities
100 1350 2 100 92-94 for the perovskite and pyrochlore phases, i.e. (110) and (222),

particle size, and surface area of the starting materials used,
and on the details of ceramic processing. The minimum amount
of second perovskite compound needed to stabilize perovskite
phase may vary slightly depending on reaction kinetics.

Sample Preparation and Measurements

In the binary system (1 —x)PZN — xBT, compositions were
prepared at 10 mol% intervals of BaTiO,. Near PZN, compo-
sitions were prepared at | mol% intervals to determine the min-
imum amount of BaTiO, needed to obtain ceramics with 100%
perovskite phase.

For compositions with x=<0.8, reagent grade PbO,* ZnO,’
Nb.O,! TiO..} and BaCO,' were used as starting materials.
Excess PbO amounting to 0.5 wt% was added to compensate
for PbO loss during firing. The mixtures were ball milled in
polyethylene jars using C,H,OH for 12 t0 16 h using ZrO,
grinding media. The slurry was dried and calcined for 4 to 10
h at temperatures ranging from 900° to 1150°C. The calcined
powder was ball milled and dried again to obtain homogeneous
powder. Pellets 12 mm in diameter and 2-3 mm thick were
pressed using PVA binder, and the binder was burnt out by a
slow heating at 500°C for | h. Samples were sintered in a sealed
Al.O, crucible at temperatures ranging from 1000° to 1350°C
using a heating rate of 200°C/h in an SiC resistance furnace.
To limit PbO loss from the pellets, a PbO-rich atmosphere was
maintained by placing an equimolar mixture of PbO and ZrO,
inside the crucible. Weight loss on sintering was held to <1
wt% for all the compositions. The conditions for caicination and
sintering for different compositions are given in Table 1.

For compositions with 0.8<x=<1, prereacted ZnNb,0O, and
high purity BaTiO, powder’ were used as precursor materials
to increase the reactivity of the powders during calcination.
First, reagent grade ZnO and Nb,O, were mixed by ball milling
and calcined at 1000°C for 4 h to obtain ZnNb,O,. Lead oxide,
ZnNb.O,, and BaTiO, were then mixed and ball milled. The

*Supplied by Hammond Lead Products. Inc, Powstown, PA

Supphied by NJ Zinc Co, Palmerton, PA

‘Supplied by Teledyne Wah Chang Albany. Albany, OR

'Supphied by J T Baker Chemical Co. Philipsburg, NJ

Grade HPB, TAM Ceramics, Inc . Niagara Falls. NY

**Model 2300, Delta Design. Inc.. San Diego, CA.

“Model 4274A and 42754 LCR meters, Hewlett Packard, Inc., Palo Alio. CA
Model v816, Hewleut Packard, Inc . Palo Alio. CA

"Model 4140B pA meter, Hewlett Packard. Inc . Palo Alto. CA

respectively. The percentage of perovskite phase was calculated
using the following equation

% perov= ‘_O.ox_,& (4)

Do+ 15,00)

Theoretical densities were calculated from lattice parameter
measurements, and bulk densities were geometrically deter-
mined.

For dielectric measurements, gold clectrodes were sputtered
and air-dry silver paint was applied over gold clectrodes. Die-
lectric measutements were performed on an automated system,
wherein a temperature control box** and LCR meters™ were
controlled by a deskiop computer.®* Dielectric constant and dis-
sipation factors were measured between 100 Hz and 100 kHz,
as the samples were cooled at a rate of 3° to 4°C/min. The
temperature range covered was 250° 1o —]50°C.

The electrical resistivity was determined by applying a volt-
age of 10 V across the samples at room temperature using a
picoampmeter.’ with the current value recorded after 10 min.

Results and Discussion

Calcination and Sintering

The calcination and sintering conditions, fired densities, and
percent perovskite phase for all the compositions are given in
Table 1. Higher calcination and sintering temperatures were
necessary for compositions containing a large fraction of BaTiO,.
Compositions with x in the range 0.9 <<x<1 could not be sin-
tered to sufficient densities. Probably evaporation of PbO during
firing is the primary reason for the failure in preparing dense
ceramics in this composition range. Lead zinc niobate ceramic
containing no BT additive was completely pyrochlore in struc-
ture. The percentage of perovskite phase increased by the ad-
dition of BaTiQ, as shown in Table I. Compositions containing
>7 mol% BaTiQ, did not have any pyrochlore phase. It is clear
that the formation of pyrochlore phase in PZN can be com-
pletely avoided by adding 6 to 7 mol% BaTiO,. The perovskite
phase in PZN can be stabilized by the addition of other per-
ovskite compounds such as SrTiO,, PbZrO,, or BaZrO,."* The
minimum amount of different oxides or perovskite compounds
needed to stabilize the perovskite structure in PZN by conven-
tional ceramic processing is given in Table 1. The percentage
of theoretical density was in the range of 94% to 96% for most
of the compositions. Typical SEMs of fractured ceramics are
shown in Fig. 3. The grain size was in the range 2-5 um.
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Figure 4 shows the temperature dependencies of dielectric
constant and dissipation factor at various frequencies for com-
positions containing 7 and 85 mol% BaTiO,. All the composi-
tions up to 90 mol% BaTiO, showed broad maxima of diclectric
constant and an increase in Curie temperature (7,) with in-

showed the strongest frequency dispersion.

For ferroelectrics with a diffused phase transition, the law
1/e=(T— T,)? has been shown to hold over a wide temperature
range instead of the normal Curie Weiss law.'* If the local Curie

1
- creasing frequency characteristi¢ of relaxor ferroelectrics. Cor- temperature distribution is Gaussian, the reciprocal permittivity
:4-_' responding frequency dispersion of the dissipation factor was can be written in the form
A also observed. I 1  (T—-TW»
N The temperature dependence of dielectric constant (at | kHz) Pl + e &)
:.r_ for a range of compositions are shown in Figs. 5-7. The variation ~
a0 of Curie temperature with composition is shown in Fig. 8. The Here § is diffuseness parameter. For PZN-PT compositions, from
Curie temperature decreases sharply with the addition of BaTiO,. the slope of plots of 1/¢ vs (T—T,)%, the values of 5 were cal-
GG For compositions containing 70 to 80 mol% BaTiO,, T, is ap- culated (Table [II). The value of & showed an increase with the
-.';\' proximately —130°C. When the amount of BaTiO, is >80 amount of BT and was highest for compositions with 40 to 50
o mol%, T. increases sharply. The magnitude of the dielectric mol% of BT, indicating a broadened phase transition for these
o constant maximum increases with the addition of up to 7 mol% compositions.
\:~ BaTiO, and decreases sharply with further addition of BaTiO,
SRS as shown in Fig. 9. It increases again for compositions containing C it ;
; . A ompositions for Capacitors
® >70 mol% BaTiO,. From the X-ray diffraction pattern and the pos pa
e temperature of dielectric maximum data, the phase diagram of There is a growing need for ceramic materials for multilayer
:.-.j PZN-BT system is as shown in Fig. 10. Here it is assumed that capacitors® with high dielectric constant and low temperature
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x in the range 0<x=<0.9 showed diffuse phase transition with
Curie temperature between —130° to 140°C.
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Phase Relations and Dielectric Properties of Ceramics in
the System Pb(Zn, ;Nb, ;)05-SrTi0,-PbTiO,

JOHN R. BELSICK,* ARVIND HALLIYAL," UMESH KUMAR, and ROBERT E. NEWNHAM®
Pennsylvania State University, University Park, PA 16802

Lead-zinc-niobate-based ceramics Pb(Zn,;;Nb,;;)0,
(PZN), are difficult to prepare because of the formation
of a pyrochlore phase which is detrimental to both the
dielectric and piezoelectric properties. The addition of 9
to 10 mol% SrTiO,(ST) stabilizes the perovskite phase
in PZN. Phase relations and dielectric properties of ce-
ramics in the system PZN-ST-PbTiO, were investigated.
The stability of the perovskite phase was studied as a
function of calcination temperature and time. Composi-
tions in this system with high dielectric constant and low
temperature coefficient of capacitance have been iden-
tified.

Lead zinc niobate (Pb{Zn,,,Nb,,;)O,—hereindesignated PZN]
is a ferroelectric material with a partially disordered perovskite
structure. It undergoes a diffuse phase transition near 140°C.
The crystal symmetry is rhombohedral (ferroelectric) at room
temperature and cubic (paraelectric) above 140°C.'- The solid
solution between PZN with rhombohedral symmetry and
PbTiO,(PT) with tetragonal symmetry has a morphotropic phase
boundry (MPB) near 9 mol% PT. Single crystals with compo-
sitions near the MPB show extremely large dielectric and pie-
zoelectric coefficients, much larger than those of PZT ceramics.’
PZN and PZN-PT single crystals can be grown rather casily
by a flux method and their properties have been reported.* PZN
is also a promising candidate material for electrostrictive mi-
cropositioners.’

Unfortunately, it is very difficult to synthesize pure PZN or
PZN-PT ceramics with the perovskite structure near the MPB
by the usual solid-state reaction. The product obtained by solid-
state reaction at =1100°C is a mixture containing a stable,
cubic Pb,Nb,O,,-type pyrochlore phase. The formation of the
pyrochlore phase is detrimental to both the dielectric and pie-
zoelectric properties. In the system PZN-PT, the perovskite phase
1s stable only when the PT content exceeds 25 mol%. PZN
ceramics with the perovskite structure can be prepared under
high pressure and temperature conditions (25 kbars, 800° to
1000°C).* The perovskite structure in PZN can also be stabi-
lized by the addition of Ba(Zn, ,Nb, ,)O, (BZN)’ as a third
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component or by the partial replacement of PbO by K,0.* How-
ever, BZN or K,0O additions dilute the dielectric and piezoe-
lectric properties. The peak dielectric constant reported in these
ceramics is =7000, which is low compared to the extremely
large values observed in PZN-PT single crystals. A similar re-
duction in piezoelectric properties has also been observed.

The problem of pyrochlore formation has been studied ex-
tensively in Pb(Mg, ;Nb,,,)O, (PMN) ceramics.>'° By following
a different processing scheme, Swartz and Shrout were able to
stabilize the perovskite structure in PMN. They adopted the
following reaction seque ace:

MgO +Nb,0, 1999°C ., MeNb,0, )
MgNb,0, + 3Pb0 229°C.. 3pb(Mg, ,Nb, )0, @)

In this method, MgO is prereacted with Nb,O; to form MgNb.O,
which has the columbite structure. MgNb,O, is then reacted
with PbO to obtain 100% pure perovskite PMN ceramics. For
reasons which are not clear, we were unsuccessful in preparing
perovskite PZN by this processing scheme (by reacting ZnNb,O,
with PbO).

The stability of several ABO, perovskite compounds has been
examined by considering their electronegativity difference and
tolerance factor."" The analysis showed that BaTiO, (BT) and
SrTiO, (ST) arc ideal additives for stabilizing the perovskite
structure in PZN. PZN ceramics with 100% perovskite struc-
ture can be prepared by adding only 6 to 7 mol% of BT and
=10 mol% ST."' Phase relations and dielectric properties of
compositions in the PZN-BT system have been reported,'' and
compositions uscful for capacitors have been identified."?

The dielectric properties of several compositions in the system
PZN-PT-ST have been studied by Yamashita er al." for possible
use in multilayer capacitors. Their study indicates that the pyr-
ochlore phase can be climinated by adding 20 mol% ST together
with 20 mol% PT to PZN. In compositions containing only ST,
pyrochlore phase cannot be eliminated completely. In their study,
the composition 0.8 PZN-0.2 ST showed =90% of perovskite
phase. However, our preliminary studies indicated that it is
possible to stabilize the perovskite structure in PZN by adding
only 10 mol% ST. The reason for the large amount of pyrochlore
phase observed by Yamashita er al."* seems to be low calcination
temperature (780°C). The present work was undertaken to in-
vestigate systematically the effect of calcination temperature
and time on the stability of the perovskite structure in the sys-
tem PZN-ST-PT and to prepare pyrochlore-free ceramics with
large diclectric constants by optimizing the calcining and sin-
tering conditions.

Experimental Procedure

The compositions selected for the present study were of the
type (l-x-y) PZN-xST-yPT, with x and y varying between O
and 0.2. The columbite precursor method was used to reduce
the formation of pyrochlore phase. ZnO and Nb.O, were batched
in the proper ratio to first prepare the columbite phase ZnNb,O,.
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amount of perovskite phase. Separate mixtures were calcined

Fig. 1. Pr i At
9 ocedure for sample preparation. for 4 h at each calcination temperature and the amount of

perovskite phase was determined from powder XRD patterns.
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]
f:-' Figure 2 shows a plot of the percentage of perovskite phase in
; Y The precursor was then mixed in stoichiometric ratio with PbO, each composition as a function of calcination temperature. Fig-
~, SrCO,, and TiO,, and the ceramics were prepared by the pro- ure 3 shows a plot of percentage PbO loss during calcination.
N cedure outlined in Fig. 1. Half a weight percent of excess PbO For all the compositions the amount of perovskite phase is <20%
* was added in all the compositions to compensate for PbO loss for calcination temperatures below 850°C. For calcination tem-
,.,'_ during calcination and sintering. The powders were calcined at peratures higher than 850°C, the amount of perovskite phase
AN 900°C for 4 h and a second calcination was conducted at 1000° increased sharply. Compositions with 9 to 10 mol% of ST, cal-
.-Q.- for 4 h if the calcined powder contained any pyrochlore phase. cined at 950° to 1050°C showed 100% perovskite phase. In all
L :-.: The calcined powders were crushed and ball-milled and pellets the compositions, a small fraction of pyrochlore phase was ob-
i, =12 mm in diameter and 2 to 3 mm thick were pressed using served for calcinations above 1050°C. This behavior is probably
Lo PVA binder. due to the loss of PbO at high temperatures (Fig. 3). It has
( ) The peliets were then fired between 1050° and 1175°C for been known that loss of PbO favors the formation of pyrochlore
- 1 10 2 h in sealed alumina crucibles. To compensate for the PbO phase in lead-based relaxor compounds such as Pb(Mg,,;Nb,,
P weight loss, a PbO-rich atmosphere was maintained by placing 1JO,.? The reason for the observation of a large fraction of pyr-
\::-. an equimolar mixture of PbO and ZrO, inside the crucible. ochlore phase in PZN-ST system by Yamashita ef al.’ is clear.
N The percentage of perovskite phase and lattice constants wefe In their study the calcination was conducted at a low temper-
:-‘. determined by powder X-ray diffraction (XRD) patterns of cal- ature (780°C). From the present work it can be seen that the
K cined powder and fired ceramics. The relative amounts of the calcination temperature should be higher than 950°C to obtain
- pyrochlore and perovskite phases were determined by meas- pyrochlore-free PZN ceramics. The effect of calcination time
3 uring the major X-ray peak intensities for the perovskite and on the amount of perovskite phase is shown in Fig. 4. Initially
AN pyrochlore phases [(110) and (222) respectively]. The percent- the amount of perovskite phase increases sharply with calcin-
O age of perovskite phase was calculated using the following equa- ation time and then decreases slowly for longer periods of cal-
2R tion:
b \“
Ty 100~ 1., -
N Tperov=1—317 &) *Model 2300, Delta Design, Inc.. San Diego, CA.
(2% peeor T oo :Model 4274A and 4275A LCR meters, Hewlett-Packard, Inc., Palo Alto, CA
® Theoretical densities were calculated from lattice parameter Model 9816. Hewlewt-Packard. Inc.. Palo Alto, CA
Fe measurements and bulk densities were determined geometri-
o cally.
.y For diclectric measurements, gold electrodes were sputtered,
o and air-dry silver paint was applied over the gold electrodes. w
s Dielectric measurements were conducted on an automated sys- <
Cas tem, wherein a temperature control box® and LCR bridge' were 2
L controlled by a desktop computer.* Dielectric constant and dis- 2
-7 sipation factors were measured between 100 Hz and 100 KHz, & SoF 1r007
e as the samples were cooled at a rate of 3° to 4°/min. The :i, g 1
AN temperature range was — 100 to 200°C. g [ {mHIPIN-asiTiO, 1
[ ¥ ]
e Results and Discussion ! ‘ 1
p % ' ] * 6 ' 24
& Calcination and Sintering TiME (WR)
-,
.-::.' Several compositions in the (1 — x)PZN system (with x=0.05 Fig. 4. Percentage of perovskite phase vs
i to 0.20) were calcinated at diflerent temperatures for varying caicination time at 900°C for (1 —x) PZN-
:,'\-: time periods to study the effect of calcination conditions on the XST ceramics.
'h o«
e .
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Fig. 5. Percentage perovskite phase in ce-

ramic sampies fired at 1050° and 1150°C. ceramics.

cination, probably because of the loss of PbO. From the present
study the optimum calcination conditions to obtain PZN ce-
ramics with minimum amount of pyrochlore phase are 950° to
1000°C and 2 t0 4 h.

It should be noted that, for calcination or firing done at tem-
peratures >1050°C, there is a slight formation of pyrochlore
phase. The firing schedule, percentage theoretical density, and
percentage perovskite phase in fired ceramics are listed in Table
1. Samples sintered at 1150°C contained a slightly larger frac-
tion of pyrochlore phase than the samples sintered at 1050° to
1100°C. In the system PZN-ST-PT, the PT helps in further
reducing the amount of pyrochlore phase. Figure 5 shows the
amount of perovskite phase in ceramic samples fired at 1050°
and 1150°C. The grain size in the ceramics, determined by
SEM micrographs of fractured ceramics, ranged from 2 to §
um.

Dielectric Properties

Plots of dielectric constant and dissipation factor versus tem-
perature for 0.9 PZN-0.1 ST and 0.75 PZN-0.15 ST-0.1 PT are

Fig. 6. Dielectric constant and dissipation
factor vs temperature for 0.9 PZN-0.1 ST

Fig. 7. Dielectric constant and dissipation
factor vs temperature for 0.75 PZN-0.15 ST-
0.1 PT ceramics.

trics. A corresponding (requency dispersion of the dissipation
factor was also observed.

The dielectric constant at T, increases with additions of ST
up to 10 mo!% and then decreases with further additions of ST
(Fig. 8). The dielectric constant initially increases with the ad-
dition of ST resulting from the increase in the amount of per-
ovskite phase in the ceramics. The dicelectric constants at T, are
between 4000 and 8000 in the PZN-ST binary system and be-
tween 6000 and 8000 in the PZN-ST-PT ternary system.

In the system PZN-ST, the variation of T, with the mole
fraction of ST is shown in Fig. 9. The T, decreases sharply with
increasing ST. The compositions 0.9 PZN-0.1 ST and 0.75 PZN-
0.15 ST-0.1 PT have their T, values near room temperature.

The difference between the Curie temperatures measured at
100 Hz and 100 KHz (AT,) gives an estimate of the relaxor
nature of the material. The larger the AT, values, the greater
the frequency dispersion of the maximum dielectric constant.

00Q0—r7r—v—7rT T T T T T T YT T7
o (l=el PIN-5S5eTO, J
0

shown in Figs. 6 and 7. All compositions showed a broad maxima z
of dielectric constant and an increase in Curie temperature (T,) s
with increasing frequency, characteristic of relaxor ferroelec- §
'._)
x
Table I. Sintering Data for PZN-ST-PT Ceramics g
i Sinteri S
Compasition “,l e-:’re Time % Theoretical Perovskite °
PZN ST PT *C) (hr) density (%) U U U AU N U A U U Y o
~100 o 100
0.95 0.05 1050 2 89.8 73 TEMPERATURE (*C)
1075 2 89.3 75
1125 2 86.5 63 Fig. 8. Dielectric constant vs temperature
”gg ; ;23 :? for (1—x) PZN-xST ceramics.
1175 1 66.4 35
0.93 0.07 1050 2 93.5 94
1150 1 91.1 79 150 LJBLAN B S B 0 S0 B S S S e M B B O B B
092 008 1050 2 526 57 : | o) PEH=a8eTi0,
. 4
09 0.1 1150 1 94.4 100 8 b
0.85 015 1150 ! 94.7 100 s L . )
08 02 1150 1 93.6 100 5 L
09 0.05 0.05 1050 2 92.1 87 2% b
1150 1 88.6 77 a r 1
085 005 0.1 1050 2 91.0 100 - o 4
1150 1 85.3 83 ‘é‘ *
085 01 0.05 1075 2 93.5 100 3 L 4
1150 1 9! 100 50 '
08 01 01 1075 2 926 100 000 ©00% 0i0 019 020 o028
1150 | 90.5 100 MOLE FRACTION OF SrTiQ, (1)
g §5 g :; g.(‘)s : :23 : gg; :% Fig. 9. Curie temperature vs mole fraction

of ST for (1 — x) PZN-xST ceramics.
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) AR | Jobn R. Belsick is a graduate stu-
"::, 2 s0n J dent in solid-state science at the
§ Pennsylvania State University, Uni-
K, T F versity Park, PA. He carned a BS.
p HE in ceramic science and engineering
S or (=0PIN-15eT0y T from Pennsylvania State University
'\-’j oo ] in 1986. His current research inter-
< N ests are ceramic piezoelectric ma-
- S Gos ao o 020 028 terals
- # -3 3 . " .
~ MOLE FRACTION OF 5170, (3) A‘mnd‘Htlhynl is a research as-
\ sociate with the Materials Research
; Fig. 10. AT, vs mole fraction of ST for (1-x) Lab at Pennsylvania State Univer-
i . i ] , . John R. Belsick
v PZN-xST ceramics. sity. His photograph and biograph-
P ical sketch appear on page 676.
o A plot of AT, as a function of mole fraction of ST is shown in Umesh Kumar is a graduate student at the Materials Research Lab
N Fig. 10. A summary of the dielectric data can be found in Table at Pennsylvania State University. His photograph and biographical sketch
A I1. Plots of temperature coefficient of capacitance (TCC) for appear on page 676.
I ;,‘Zlcrj'_f)fil ‘:s".;.“gf’;’s"f,’;sNa_x | ;hg‘{’."o_"s' }flngi)l‘ | fgg‘_gf’g';';’;.’ a?l': Robert E. Newnham is professor of solid-state science at Pennsylvania
S 0.75 PZN-0.15 ST-0.1 PT satisfy ZSU and YSU TCC speci- State University. His photograph and biographical sketch appear on
:- fications for capacitors. page 676.
W Summary
o Ceramics in the (1 —x—y) PZN-xST-yPT system having the . |
L perovskite structure can be prepared if the mole fraction of ST
-~ is x=0.1. The calcination and sintering conditions were found

'l
I'l"

: .' S,

to be very critical in obtaining pyrochlore-free ceramics. All
compositions studied showed a broad diffuse phase transition
with a shift in Curie temperature with frequency. Compositions
with high diclectric constant and low values of temperature
coefficient of capacitance have been identified.
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o Table Ii. Dielectric Properties of PZN-ST-PT Ceramics s O
. -
. Sinterin o)
® Compasition p ;lu‘re T, at 100 Hz K R .
B PZN ST PT (*C) Q) AT, (T, (100 Hz))  (RT(100 Hz)* ®w
e S
b 0.95  0.08 1050 7 10 2130 1280 wd
.- 093 0.07 1050 69 13 6450 2780 38
: s 0.92 0.08 1050 54 16 6810 3990 -3
_-: 0.9 0.1 1150 32 16 7990 5170 e
N 085 0.5 1150 -10 20 5970 2900 2
o 08 02 1150 —45 23 4820 2490 .
L » 09 0.05 0.05 1050 110 8 6590 2110 P T POV U W W "éot At Luso
"o 085 005 0.l 1050 137 5 8330 2090 -0 O EMPERATURE (°C)
< 0.85 0.1 005 1075 58 15 7860 4570
7 08 0.1 01 1075 81 13 7610 2810 Fig. 11. TCC vs temperature for () 0.9 PZN-
- 0.8 015 005 1150 10 17 7040 4420 0.1 ST, (B) 0.85 PZN-0.15 ST, (C) 0.8 PZN-
ce 0.75 0.15 01 1150 3 13 7980 5610 0.15ST-0.05PT, and (D) 0.75 PZN-0.15 ST-
." *Room temperature dielectric constant. 0.1 PT.
Y‘
o
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:b The use of Pb(Zn, ;Nb, ,)O, ceramics is restricted by the for-
VR mation of a pyrochlore phase detrimental to both dielectric and
_:J‘:‘ piezoelectric properties. Recently it has been shown that a
“’s, 6 mol% addition of BaTiO, to PZN suppresses the formation
<y of pyrochlore phase. Phase relations and dielectric pruperties
¢ of ceramics in the PZN-BT-PT system are reported here. Com-
_-: positions with the perovskite structure, having high dielectric
L constant and low temperature coefficient of capacitance, have
';-:,. been identified.
K.
: . Introduction

EAD ZINC NIOBATE [Pb(Zn, ;Nb:;)O;,. hereafter designated
PZN] 1s a ferroclectric material with a partially disordered

,,.-':" perovskite structure. It undergoes a diffuse phase transition near
gt 140°C. The crystal symmetry is rhombohedral (ferroelectric) at
) room temperature and cubic (paraelectric) above 140°C.'"" In the
_:.}“ PbiZn, 3Nb. )O;-PbTiO, {PZN-PT) system, a morphotropic phase
Ly boundary (MPB) exists between the rhombohedral PZN and
tetragondl Pl phases. near 9 mol% of PT. Single crystals with
AOR compositions near MPB show extremely large dielectric and
-_-{'- piczoclectric coefficients, much larger than those of PZT ce-
ramics.” PZN and PZN-PT single crystals can be grown rather
-::.{ easily by a flux method and their properties have been reported.”
RN PZN is also a promising candidate material for electrostric-
s tive micropositioners.*
Unfortunately, 1t is very difficult to synthesize perovskite PZN
o] or PZN-PT ceramics near MPB by the usual solid-state reaction.
.f::_'ﬁl The product obtained by solid-state reaction at =1100°C is a mix-
: \,: ture containing a stable cubic-type pyrochlore phase. The for-
o mation of pyrochlore phase is detrimental to both the dielectric and
Jt.{_ piezoelectric properties. In the PZN-PT system, the perovskite
o phase is stable only when the PT content exceeds 25 mo!%. PZN

ceramics with perovskite structure can be prepared under high
pressure and temperature conditions (2.2 GPa, 800° to 1000°C).
The perovskite structure in PZN can also be stabilized by the
addition of Ba(Zn, \Nb,,,)O, (BZN) as a third component or by
the partial replacement of PHO by K,O.* However, BZN or K, 0
additions dilute both the dielectnc and piezoelectric properties.
The peak dielectric constant reported in these ceramics is =7000,
which is very low compared to the extremely large values observed

19
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.,_ in PZN-PT single crystals. A similar reduction in piezoelectric
T, properties is also observed.

s {n a previous paper.” we examined the stability of several ABO,
}:.:- perovskite compounds by considering their electronegativity dif-
Ao ference and tolerance factor. The analysis showed that BaTiO,
| «.j- (BT) 1s an 1deal additive for stabilizing the perovskite phase. We
. were able to prepare PZN ceramics with 100% perovskite structure
, by the addition of only 6 to 7 mol% of BT. Phase relations and
O dielectne properties of compaositions in the PZN-BT system have
. been reported.” and compositions useful for capacitors have been

- identified. "
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Dielectric and Ferroelectric Properties of Ceramics in the
Pb(Zn |/3Nb 2,3)03'BaTi03-PbTi03 SyStem

A. HALLIYAL," U. KUMAR," R.E. NEWNHAM," and L.E. CROSS"

16802

The present work was undertaken to investigate the stability of
perovskite phase in the PZN-PT-BT temary system and to examine
the dielectnic and piezoelectric properties of ceramics with per-
ovskite structure. Phase relations and dielectric properties
are presented in this paper. The piezoelectric properties will be
reported in a subsequent paper.

1L

The compositions selected for the present study were of the type
(1 — x = v)IPZN-xPT-¥BT with x varying between 0 and 0.20,
and v varying between 0.05 to 0.20. The method of sample prepa-
ration is shown in Fig. 1 and has been described in detail in Ref. 9.
Samples were sintered in a sealed alumina crucibie by heating at
a rate of 200°C/h. To limit the loss of PbO from the pellets. a
PbO-rich atmosphere was maintained by placing an equimolar
mixture of PbO and ZrO; inside the crucible. Weight loss on
sintering was held to <0.5%. Details concerning the procedure
followed for X-ray analysis, determination of percentage of pyro-
chlore phasc. and dielectric measurement can be found in Ref. 9.
To distinguish rhombohedral and tetragonal crystalline phuses in
sintered ceramics, X-ray powder diffraction patterns of the
002 peak were taken at a slow scanning rate (%°/min).

Sample Preparation

i

(1) Formation of the Pyrochlore Phase
Powder X-ray diffraction pattems of ceramics were used to

Results and Discussion

Weighing (PbO, ZnO,Nb,O¢, TiO, ,BaC0Oy)
‘
Mixing
'
Drying

¢

Calcination (900 °C/ 4-8h)
¢
Mixing with binder

¢

Pressing pellets (dia=i2mm, t=2-3Imm)

‘

Binder burn out

'
Firing (1100-1150°C/ Ih)

'

Polishing ( 3pm Al,0, powder)

¢

Electroding (Sputtered gold electrodes,

{in alcohol, zirconia balls, 12-16 h)

(2% PVA)

(500°C/ih)

air dry siiver paste)
Fig. 1. Procedure for sample preparation.
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Table I. Dielectric Properties of PZN-PT-BT Ceramics
Latuce constants®
Compostiion Crystal " -
PZN BT PT symmetn ® (nm} (nm) K (100 Hz) AT 8
0.95 0.0 R 5400° 75
0.90 0.05 0.05 T 0.4056 15000 8 50
0.85 0.05 0.10 T 0.4034 0.4081 15000 7 45
0.80 0.05 0.15 T 0.4021 0.4089 14 500 4 43
075 0.05 0.20 T 0.4019 0.4105 14 000 l 40
0.90 0.10 R 0.4059 11400 16 63
0385 0.10 0.05 R 0.4050 13100 15 56
0.80 0.10 0.10 T 0.4038 0.4072 13800 14 53
0.75 0.10 0.15 T 0.4024 0.4083 12600 6 52
0.70 0.10 0.20 T 0.4019 0.4091 10000 4 50
0385 0.15 R 0.4056 9950 16 68
0.80 0.15 0.05 R 0.4050 11000 18 67
0.75 0.15 0.10 R 0.4042 12100 15 61
0.70 0.15 0.15 T 0.4020 0.4065 12100 11 57
0.65 0.15 0.20 T 0.4013 0.4077 11800 3 5t
0 80 0.20 C 0.4057 7150 25 85
075 0.20 0.05 C 0.4044 8600 22 80
070 0.20 0.10 T 0.4036 0.4042 10600 18 70
0.65 0.20 0.15 T 0.4024 0.4046 10000 10 66

“R rhumbohedral, T terragonal. C. cubic. "AT, = T,(100 kHz) — T,(100 Hz) ‘Low dielectnic constant because of pyrochlore phase. *At 25°C.

pb(z"ul Nbus)on

Mixed Phase
(Perovskite « Pyrochiore)

30
PbT10,

- Morphotropic Phase
Boundary

Fig. 2. Phase diagram of Pb(Zn, \Nb.:)O.-BaTiO,-PbTiO, sys-
tem. Circles show the composition of the samples studied

re

Fig. 3. Microstructure of (A) 0 YPZN-0 IBT and (8) 0 8SPZN-0 0OSBT-0 IPT
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determine the percentage of pyrochlore phase. About 15% of
pyrochlore phase was detected in 0.95PZN-0.05BT ceramics.
There was =2% to 3% of pyrochlore phase in composition
0.9PZN-0.0SBT-0.05PT in the calcined powder (900°C/6 h),
but no pyrochlore phase was detected in sintered samples
(1100°C/1 h). The remainder of the compositions did not show a
pyrochlore phase after calcination at 900°C for 4 to 6 h. The
densities of the ceramic samples were in the range 93% to 97% of
their respective theoretical densities.

In the PZN-BT binary system, it has been observed that 6 to
7 mol% of BT stabilizes the perovskite phase in PZN. It is clear
that in the PZN-PT-BT temary system. BT narrows the pyrochlore
tormation region. The lattice constants are tabulated in Table I.
The compositions containing > 15 mol% of PT are tetragonal. The
morphotropic phase boundary (MPB) between the thombohedral
and tetragenal phases occurs between 5 to 1S mol% of PT. The
phase diagram of the PZN-PT-BT systems is shown in Fig. 2, in
which the region where a perovskite pyrochlore mixed phase oc-
curs 15 also indicated. An approximate MPB is also marked. In the
(1 — \)PZN-xBT system, compositions with 0.2 < x < 0.9 are
cubic at room temperature. Typical scanning electron micrographs
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9 of ceramies are shown in Figo 3 The gram size was i the range
o ) I3
LAY of 2108 um.
A
A (2) Dielectric Properties
e The vartation of diclectnic constant and dissipation fuctor
o (1 kiHz) with temperature is shown in Figs. 4 to 7. The following
A

generalizations can be made about the diclectric properties
h
15000 The compositions near MPB (10 to 15 mol% of PT) show

The peak diclectric constants are in the range of 6000 to

o : !

"ty the highest peak diclectric constants.

_"\.j _(2) Most of the comppsiliops show a diffuse phgse xrqnsition
,.:, wnh a strong frequency@nspersnon‘ The frequency dlsperstoln and
P diffuseness of the transition decrease as the amount of PT in the
"n " composition increases. This can be seen in Fig. 8, where the

temperature and frequency dependence of two compositions,
0.9PZN-0.05BT-0.05PT and 0.75PZN-0.05BT-0.20PT, are com-
pared. This trend is evident in all the compositions.

(3) The Curie temperature (T,) increases with increasing fre-
quency. which is charactenistic of relaxor ferroelectric matenals.
The difference between the Curie temperatures measured at 0.1
and 100 kHz (A7) gives an estimation of the relaxor nature of the
transition. The Curie temperatures at different frequencies are plot-
ted in Fig. 9 as a function of mole fraction of PT. It is clear that

U
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prominent as the amount of PT increases. In composizions with the
same percentage of PT. A7, increases with the amount of BT. In
relaxor ferroclectrics if the local Curie temperature distribution 1s
Gaussian. the diffuseness of the transition can be described by
diffuseness purameters &, defined 1n Ref. 9. If the value of 8 1s
large. it indicates a broader diclectric curve. The values of AT,
peak dielectric constant (100 Hz). and 5 are listed in Table I. The
value of § decreases with the amount of PT, indicating a less broad
phase transition. The value of § increases with the amount of BT,
in agreement with earlier observation.

(3) Temperature Coefficient of Capacitance

There is a need for high dielectric constant capacitor matenals
which can be sintered at temperatures of <1000°C, with low tem-
perature dependence of capacitance. The temperature coefficient
of capacitance (TCC) is defined as

Cr - Czs'c)

25°C

TCC = 100( n

The values of TCC for a few compositions which have Curie
temperature around room temperature are shown in Fig. 10. For all
five compositions shown in Fig. 10, the TCC values are within the
limits of Z5U and Y5U capacitor specifications.
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_:;_:. IV. Summary
e Ceramics in the (I — x — y)PZN-xBT-yPT system having the
[ ] perovskite structure can be prepared if the mole fraction of
-\.:-. x > 0.05. The addition of BT to PZN-PT completely suppresses
‘.-:' the formation of the pyrochlore phase. The phase relations and
.\,4'.: dielectric properties of ceramics with 0.05 = x = 0.2 and
'.::' 0 = v <= 0.2 have been investigated. The approximate location of
".-: the morphotropic phase boundary has been wdentified. Many of the e
YN compositions show a diffuse phase transsion with a shift in the it
o Cunie temperature with frequency. The relaxor characteristics of (8)
L the transition have been discussed. Compositions with high di- .,"_’
:_.: electnic constant near room temperature and low values of tem-
O o, perature cocfficient of capacitance have been identified.
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Measurements of strain and the optical indices in the ferroelectric
Bag, 4Sro.¢Nb;0¢: Polarization effects

A. S. Bhalla, R. Guo, and L. E. Cross
Materials Research Laboratory, The Pennsylvania State University, University Park, Pennsylvania 16802

: Gerald Burns and F. H. Dacol
IBM Thomas J. Watson Research Center, P.O. Box 218, Yorktown Heights, New York 10598

Ratnakar R. Neurgaonkar
Rockwell International Science Center, Thousand Oaks, California 91360
(Received 17 November 1986)

We report sccurate temperature-dependent measurements of the optic index of refraction, the
birefringence, and the strain in the ferroelectric, tungsten-bronze crystal Bag «Sra ¢éNY»;0¢. This com-
position congruently melts, so large homogeneous high-quality crystals can be grown. From the ex-
perimental data, it appears that far above the ferroelectric phase transition temperature (T, = 88°C),
up to a temperature T, (=300°C), the crystals appear to possess a local, randomly oriented (up or
downl), polarization Py. The values of Ty obtained from the index and completely independent strain
measurements are in very good agreement with each other, as are the values of Ps. Various aspects
of our understanding of the polanization bchavior and other effects in this ferroelectric system are dis-

cussed.

INTRODUCTION

There is a great deal of interest in ferroelectnic materials
that have the tungsten-bronze crystal structure.! Above
the ferroelectric transition temperature T, the structure is
tetragonal and has a center of symmetry (space group
DL.-P.,,,.,.. ). Below T, it remains tetragonal
(C1,-Puym) with a reversible spontaneous polanization P,,
along the tetragonal or ¢ axis. These space groups refer to
the average crystal structure (these are defect structures®’)
and will be discussed below; none of the tungsten-bronze
ferroelectrics actually are ordered compounds.* A

In this paper the properties of the tungsten-bronze fer-
roelectric Ba;_Sry,NbyO, (BSN) are discussed. It has
been shown that for x=0.6 the material is congruently
melting® and, hence, large crystals of high optical quality
can be grown,® which have found many applications.’
The primitive unit cell of this matenial is shown in Fig. 1.
The chemical formula can be usefully thought of as

FI1G. 1. The unit cell of the tungsten bronze (Ba.SriytNbO1 g
looking down the ¢ axis.

(Ba; _.Sr. )s(NbQO;) o since there are ten niobium octahe-
dra in this unit cell and the Ba and Sr atoms occupy the a
and B positions randomly. However, there are six such
positions and only five Ba+ Sr atoms; thus the structure
has built-in defects.

Recently, there has been considerable discussion of
“crystalline ferroelectrics [specifically the tungsten-bronze
ferroelectric K, Sr(NbO;);p] with a glassy polarization
phase.””8-'% These are materials in which there is evidence
for regions of local, randomly oriented, polarization far
above the ferroelectric transition temperature T, up to a
temperature T4. The principal evidence for this behavior
comes from the temperature dependence of the index of
refraction, n(T). However, there is now evidence from
low-temperature thermal-conductivity and specific-heat
measurements,'!' Raman measurements of the phonon
spectra,'’ and second-harmonic-generation measure-
ments'® for the existence of such polarization behavior.
Some aspects of this work have been reviewed.'*

In this paper, for BSN we show that measurements of
the temperature dependence of the length, that is, strain,
x(T), also gives strong evidence for a polarization Iar
above T.. Further, the strain and index measurements,
on the same samples, lead to consistent results. In a dis-
cussion, at the end of the paper, we relate these crystalline
ferroelectrics that have an extended polarization behavior
above the dielectnc maximum to ferroelectrics with .
diffuse phase transition.

EXPERIMENTAL

Large, clear oputical-quality BSN crystals were pulled
from the melt by the Czochralski technique 1n a manuer

2030 © 1987 The American Physical Society
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described previously.* The earlier problems of coring and
striations in growing tungsten-bronze ferroelectrics have
been eliminated by using very pure starting maternials and
pulling at the congruent melting composition.*® Before
use, all samples were annealed overnight at 500°C in or-
der to remove internal stresses and possible bias effects.

The remanent polarization P, was obtained by the in-
tegration of the pyroelectric-coefficient—versus—tempera-
ture method.'® Thin, sputtered gold ¢ plates were used,
and the samples were cooled through the transition tem-
perature (T, =88°C) with a dc field of 10 kV/cm. The
dielectric constant was measured by standard techniques.

The index of refraction parallel to P, (n;) and perpen-
dicular to P, (n,) were measured by the minimum-
deviation technique.® Oriented BSN prisms were used in
an oven in conjunction with various lasers as light
sources.

The birefringence, Anjy;, was also directly measured.
An a-cut plate (i.e., the a axis perpendicular to the plate)
was polished into a wedge shape with a known wedge an-
gle (5°=7). Anj was measured using a polarizing micro-
scope with a hot stage and the sodium D lines as a light
source (A=5893 A). The birefringence was determined
by

Anjy =A/dsinb , 1

where 8 is the wedge angle and d is the separation be-
tween the interference fringes resulting from the varying
thickness of the wedge.

The length measurements were made from room tem-
perature to 500°C under a heating rate of 1°C/min on
rectangular bar BSN samples cut normal to the ¢ axis 10
give x3( T, or the a axis, to give x,(7T), typically 8 mm X |
mmX 1 mm. The strains were measured as a function of
temperature using a linear voltage-differential transformer
(LVDT) dilatometer (model 24DCDT-250 or model
24DCDT-050) from the Schwartz Co., N.J.

RESULTS
Polarization

The temperature dependence of the dielectric constant
along the ferroelectric axis, €3(T), the reversible spontane-
ous polarization P,, and the pyroelectric coefficient are
plotted in Fig. 2. The results are in reasonable agreement
with earlier published data on these materials."'® From
€)(T) we see that T, =88°C and note that P, is down to
2ero by =100°C. This behavior is in sharp contrast to
the fluctuating polarization behavior that will be discussed
later,

n(T) and x (T theory

We consider the macroscopic quantities, the change of
the optic index of refraction, n(T), and the strain, x (T,
which is the fractional change of length. In a centrosym-
metric crystal, by symmetry both of these quantities de-
pend on the square of the polarization in the same way:

Aln =~y =3 PP, )
[ X
xy=3 QuPePi , (3)
[ %)

0 10t -+ oY
< o : BSN
o 4n1Q* / \
) L
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FIG. 2. The measured temperature dependence of the dielec-
tric constant (€), reversible spontaneous polarization (P,), and
the pyroelectric coefficient.

where g and Q are. the quadratic electro-optic and elec-
trostrictive coefficients, respectively (both fourth-rank ten-
sors). The subscripts can have values I, 2, or 3 for the
three directions (x, y, and z), and P is the polarization.
Since BSN is tetragonal, both above and below T, it is
easy to write the tensor effects parallel (3 component) and
perpendicular (1 component) to the tetragonal axis (3 axis
or z axis). Assuming that all polarization must occur
along the ferroelectric (3) axis, then in contracted nota-
tion>!" we have, for the indices of refraction,

Any=—gu(ndVPi/s2, (4a)
An,=—gi(nd)P}s2, (4b)
and for the birefringence,
013
— 170013 ni
8(Any )=An;—An ;= —3(n3) (g3 —8n —?- P},
n
(4¢)

where n? is the index of refraction if there were no polar-
ization of any sort present, whether along the 3 axis (n9)
or perpendicular to it (n9).

For the strains the expression are

Ac/co=QunP3 , (5a)
Aa/ag=Q3P3 . (5b)

An important aspect of Eqs. (4) and (5) is that they de-
pend quadratically on the polarization. Thus, if Pj is ran-
domly, spatially directed up and down, the effects will
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add, not cancel. The second important point to appreci- 238 e . . v 0.23
ate is that Py can be spatially inhomogeneous, but still the "y 4880 & (n-0.07467) i
effects will add. For measurements of the crystal lengths 23} {0.20 ¢
this is clear. For a(T) measurements the spatial resolu- ) S
tion is of the order of the wavelength of light; thus local < [ 6328 A (n-0.0) {015 —
polarization regions that can be several thousand g ang o SIC { &
angstroms apart will be effectively averaged. - = s YA {010

. 2.% ., Bag.4570 6ND20g 1 z

A (T) data i "’.;\. 1008 .

L e '\
Figure 3(a) shows the indices of refraction both parallel 228 LL- : . Fo e . ] o

and perpendicular to the tetragonal ¢ axis at 6328 A. As ° ! 27?»‘ PERATURE 100 600
can be seen, the changes in ny are considerably larger URE (L)
than those perpendicular to the tetragonal axis (), which FIG. 4. The temperature dependence of n; at two wave.
is shown in Fig. 3() on a considerably expanded scla.lc lengths as indicated. P, obtained, as described in the text, is
These data are similar to those published previously."'®  pgun. Also shown in P, obained from Fig. 2.

The most noticeable difference between these results and
the earlier data'® is the lack of thermal hysteresis near T..
The reason for this is not totally clear; however, the crys-
tals reported on here are very pure, annealed, and were

3
'y

8§ :: grown at the congruent point in the phase diagram, which above T{; then below T, n(T) reflects the spontancous
Yy results in striation-free crystals. Thus we belicve that ~ Polarization via Eq. 4a). Such behavior has been report-
N these crystals represent the ture behavior. ed in sevc':ral systems. Howc_ver, tl}e data in .Flg_. 4
a0 i: Measurements taken at 6328 and 4880 A for n, are behave quite differently. There is no lmcaf behavior just
p4 plotted in Fig. 4, where a constant has been subtracted - abovg T,; instead, there appears to be considerable curva-
WS from the latter results so that both can be presented on  turein s above .. .
,_::\: the same expanded scale. Thc two straight hncg in Fig. 4 approxnmatcly represent
T The data for n; at 6328 A are the same as shown in the l‘ngh-lempcrature linear behavior of n;(T).. Ty is
e Fig. 3. Classical, soft-mode ferroelectrics have an index funguona.lly deﬁncd as the temperature at which the
b of refraction that is approximately linear with temperature straight line deviates from the measured data. As can be
ot seen, for the data taken at both wavelengths, approximate-
( . ly the same values of T, are found. Assuming that the
:' deviations from the straight-line behavior are due to local
o r v , . . polarization regions, the data can be analyzed via Eq. 4(a)
\:-\: 234 + (a) JRRSTIL, to yield a polarization, which is called P;. This procedure
:_“.r.: eeee®®™ T ny has been used before.’-'°. To analyze the data in this
N i _,.o"" 1 manner {via Eq. 4(a)], for each wavelength the straight
j 232k . .‘,.-" ] line is taken as n® An is the difference between the
e x ' .-"' straight line and the measured values (An is zero at Ty),
A Q L e 3 000000000 mos000msessesnd and, as used beforc.‘o we take g33=0.10 and 0.12 m*/C
N < n at 6328 and 4880 A, respectively.®"3? The resultant
e 2 50 § values of Py at the two wavelengths are ploucd in Fig. 4.
g é Bag 4Sro 6NE20s The use of the small wavelength dependence?' of g;; im-
° -5 6328 R : proves the agreement between the two sets of data, which
F. ;: gives some indication that the ideas in this approach of
228 + + + ' t analysis is correct. Also shown in Fig. 4 is the reversible
v 23121 (b) o 1 polarization from Fig. 2. As can be seen, P, and P, are
e | & E | in reasonable agreement at room temperature, which
oo * ‘\ again indicates that our understanding, via the quadrauc
® 23 b ‘ ] electro-optic effects, is appropriate.
e s = . \ Figure 5 shows birefringence, Any,, as a function of
'; 2 L . N 1 temperature. BSN is an optically negative crystal. As is
::.':.‘ - . °D evident from Fig. 5, Any, decreases with temperature and
:.j_:. 2310t o M 1 goes through zero above T, and the crystal becomes opti-
N . ¢ cally positive. Similar to the n; and n -versus-T data
.’ [ o* n (Fig. 3(a)], there is no thermal hysteresis noticed in the
. 2 309 ) ‘ X X ) . Anyy-versus-T data. Also shown in this figure is ny —r
- 0 200 400 600 obtained (via Fig. 3) at 6328 A. The results are in very
"t:. TEMPERATURE () good agreement with Any;, which was measured at 5893

A. From these data, P; can be obtained as has been dis-
FIG. 3. (a) The measured n; and n, a1 6328 A. (b) The same  cussed above with respect to n;(T). To do this, we used 2
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FIG. 7. Values of Py, obtained by the different methods are
summarized in this figure. Also, the reversible, spontaneous po-
larization P, is shown as the solid line. P, obtained (rom n; are
given by the small circles, values from ny are given by the small
open rectangles, values from the birefringence ny, are given by
the large open rectangles, and values from Ac /¢ are given by the
large solid circles.

in large square brackets in Fig. 4(c). These results will be
presented and discussed in connection with the last figure.

x(T) data

The thermal strain parallel (Ac/c) and perpendicular
(Aa/a) to the ferroelectric ¢ axis have been measured by
a high-sensitivity dilatometer. The results are shown in
Figs. 6(a) and 6(b), respectively. The highest-temperature
data, far above T, can be approximated by a straight line,
along both axes, as can be seen in the figures. The devia-
tion from this linear high-temperature behavior occurs at
approximately the same temperature (=300°C). Howev-
er, due to the much larger strain along the ¢ axis, we
place more emphasis on these data than those perpendicu-
lar to the ¢ axis. (The same situation occurs for index
data, see Figs. J and 4.)

We analyze the deviation of the strain from the high-
temperature linear behavior via Eq. 5(a) to obtain Py. Us-
ing the measured Ac/c and a value?® of Q3 =3x10"2
m*/C?, then P, can be calculated. The results are plotted
in Fig. 7.

DISCUSSION

In Fig. 7 we summarize the Py, really (F})'2, values
obtained from nj, Anyy, Ac/c, and even n,, which was
not discussed as yet. Also plotted is the normal reversible
polarization data, 7,, from Fig. 2.

Considering the differences between the physical quan-
tities that are measured (various aspects of the optic index
of refraction and strain), the agreement in the P, values in
Fig. 7 is excellent. The values are in good agreement not
only in magnitude but also in the T4 values (the tempera-
ture at which P, differs from zero).

Good agreement would be expected for P, obtained
from n3(T) and Any(T) since the largest variations with




temperature come from ny (Fig. 2). However, it is
reassuring to see that this is the case, remembering that
the measuring techniques are quite different. Also plotted
in Fig. 7 is Py obtained from n(7). As can be seen in
Fig. 3(a), the temperature variation of a, is small com-
parcd to aj, yet the data are sufficiently accurate so that a
reasonable high-temperature linear region can be delineat-
ed [the straight line in Fig. 3(b)] and P, can be calculated
[via Eq. 4(b)] using g,3 =0.01 m*/C?, as discussed. The
results are quite consistent with P, obtained by the other
methods. )

The strain measurements reported here are qualitatively
similar to those reported in the ceramic?* 90%
Pb(Mg, Nb; 4)0;-10% PbTiO,. In this ceramic materi-
al, the high-temperature region (above ==300°C) can be
approximated by linear behavior and very little happens at
T, (=50°C). :

In two ferroelectric systems that show a higher-

BHALLA, GUO, CROSS, BURNS, DACOL, AND NEURGAONKAR 36

could occur either due to cooperative ordering of the po-
lar microregions, or to a critical slowing down of the di.
polar component of the polarizability and a freezing in of
the dipoles to a glass state.

In the static model the dipolar component which ap-
pears at temperatures well above T, is already frozen.
Polarizability would now be contributed by expansion and
contraction of the dipolar region and the maximum in ¢,
and T, would be essentially due to cooperative ordering.

Lead magnesium niobate (PbMg,,1Nb;,3;0;) and lead
lanthanum zirconate titanate (PLZT) compositions such
as the 8:65:35 show very strong dielectric relaxation for
temperatures at and below the weak-field dielectric
peak.??* These materials show a remanent polar state
that is only stable at temperatures much below the dielec-
tric peak (the so-called B-a transition in PLZT). In these
materials there is rather strong ancilliary evidence for the
dynamical model.

<+

In BSN 40:60 there is clearly a highly dispersive micro-

temperature polarization phase similar to that discussed

S
:'._: here, the values of T, could be quantitatively understood  domain state in virgin crystals cooled below 88°C, but,
' in terms of T, of the end member. For example, T, of  upon poling, stable macrodomains are retained up to
e La doped lead zirconate titanate (PLZT) is approximately ~ 88°C.% Some evidence for the dynamical model may be
N5 equal to T, of lead zirconate titanate (PZT) (Ref. 8) (i.e.,  adduced from the work of Sundius,?® who measured the
° La-free material). Similarly, T, of Pb(Ti,_,Sn, )0, is  eclectrostrictive Q33, @1y, and Q,;, constants under alter-
A found'? to be equal to T, of PbTiO,. For BSN crystals nating field. She finds that Q| is essentially independent
-'::-{ there is no end member for which an estimate of T, can of temperature to T¢, but Q)3 and Qy, are markedly tem-
‘:.\:. be made. However, we emphasize that the difference be- perature dependent and approach zero near T,.. If, as
~-,':. tween T, and T, is large ( > 200°C). suggested above, a major component of polarizability
::-.:‘ Thus, it seems that at =T, small local regions of the  comes from the flipping of already polar regions, as is evi-
crystal begin to show a polarization due to a favorable ar-  denced from the dilatometric studies, the lattice has al-

"t rangement of the atoms (presumably the Ba and Sr  ready adjusted dimension for these polar regions and ihe
:Q: atoms). The macroscopic index of refraction and strain  phenomenon of electrostriction (which is quadratic inver-
" measurements can detect this effect because PJ rather  sion of P) will not change the crystal shape at all, so that
f.'*-: than P; contributes to these terms. These macroscopic if polar flipping is the major contributor to dielectric po-
_j'\'- measurements average the inhomogeneous contributions, larizability at T., @3 and Q3 must go to zero at that

as discussed. Once local regions of polarization occur, the
cooperative effect that occurs at T, can be understood.
A critical question which must be addressed, using sup-
plemental data and experiments, is whether the polanza-
tion observed here at temperatures above the weak-field
dielectric maximum (T,) is static, or whether the vector
direction in each polar region is suffering dynamical inver-
sions over time. Since both the optical and the dila-

temperature. For a field £, on the other hand, the up and
down states of P; will not be affected and “normal’ elec-
trostriction constants should be observed.

Another critical experiment which should be attempted
is measurement of the quadratic electro-optic constants
g, &1, and g,,. If gy; and g,y approach zero near T.
with the same shape as Qj; and Q;3, and g, is also tem-
perature independent, further strong support would te¢

provided for the dynamical model.

Perhaps the final key to understanding these fascinating
materials will be the identification of the size, shape, and
nature of the polar nanostructure using high-resolution
transmission-electron microscopy (TEM). Such evidence
is now appearing for PLZT's, PbMg,,;Nb;,;0,, and
PbSc,,,Ta,,;0; relaxor ferroelectrics,?’"?? and will cer-
tainly also be important in the BSN compositions.

s
Y
]
»

tometric measurements discussed in this paper measure
the rms polanization, either model would give equivalent
values for Py. In general, one would expect that dynami-
cal inversion of P4 in polar micro regions would be modu-
lated by a weak external E, field so as to change the frac-
tion of up and down polarizations and thus contribute a
significant component to the dielectric polarizability. On
the dynamical model, the dielectric peak at T, in BSN
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Thermodynamic theory of PbTiO;

M. J. Haun, E. Furman, S. J. Jang, H. A. McKinstry, and L. E. Cross
Materials Research Laboratory, The Pennsylvania State University. University Park, Pennsylvania 16802

(Received 30 March 1987; accepted for publication 2 July 1987)

A phenomenological thermodynamic theory of PbTiO, was developed using a modified
Devonshire form of the elastic Gibbs free energy. The spontaneous strain as a function of
temperature was determined from pure sol-gel derived PbTiO, powder and used with selected
data from the literature to determine the coeflicients of the energy function. The theoretical
prediction of the phase stability, spontaneous polarization and strains, and dielectric and
piezoelectric properties agree well with experimental data. This theory provides a way of
predicting the intrinsic single domain dielectric and piezoelectric properties of PbTiO,, which
have not been completely determined from experimental measurements.

|. INTRODUCTION

Lead titanate has been extensively used in ceramics as
an end member of solid solution systems that have important
technological applications.' However, the properties of pure
ceramic and single-crystal PbTiO, have been difficult to
study because of the high electrical conductivity and large
tetragonal distortion that occurs at the ferroelectric to para-
electric transition at = 492 °C.

Pure, dense ceramic samples will break up into powder
when cooled through this transition. Small amounts of do-
pants have been added to PbTiO, to produce dense ceramics
with large electromechanical anisotropy.”* These materials
are of interest in high-frequency ultrasonic transducer appli-
cations, ™ but still do not provide data on the properties of
pure ceramic PbTiO,.

Smail amounts of dopants have also been added to sin-
gle-crystal PbTiO, to increase the electrical resistivity and
allow dJielectric measurements to be made. Even so, consid-
erable discrepancies exist in the published data because of
the differences in crystal quality and measuring techniques
that were used. Values of the Curie-Weiss constant and Cu-
rie temperature have varied from 1.1 to 4.1 (X 10°°C) and
from 449 to 485 °C, respectively.”® In addition, very little
data exists on the temperature dependence of the dielectric
and piezoelectric properties measured on good-quality sin-
gle domain single crystals.

The development of a Landau-Ginsburg-Devonshire®
type thermodynamic theory of PbTiO, would be a particu-
larly useful method of providing a more complete descrip-
tion of the intrinsic single domain properties of this material.
Remeika and Glass" determined some of the coefficients of
the elastic Gibbs free-energy function, but were unable to
separate the fourth- and sixth-order dielectric stiffness coef-
fictents, because the spontaneous polarization (P, ) at the
Curie pomnt (7, ) was unknown.

Gavrilyachenko ef al.'"’ measured P, at 20°C from a
dielectric hysteresis loop, and used this value to determine
the electrostrictive constant from the uniform deformation
parameter'' (spontaneous strain). The temperature de-
pendence of P, was then calculated from the temperature

dependence of the uniform deformation parameter'” by as-
suming the electrostrictive constant to be independent of
temperature. The value of P, at 7 was then used to calcu-
late the fourth- and sixth-order dielectric stiffness coeffi-
cients in the energy function.'® However, the coefficients of
the polarization interaction terms in a three-dimensional en-
ergy function had still not been determined for PbTiO,.

Amin et al.** determined all of the coefficients of a
three-dimensional energy function, including all of the
fourth- and sixth-order polarization interaction terms. for
the single-cell region of the PbZrO,: PbTiO,; solid solution
system. The coefficients of the polarization interaction terms
were determined by fitting the morphotropic phase bound-
ary between the tetragonal and rhombohedral states. These
coefficients were then extrapolated across the tetragonal
phase field to PbTiO,. This resulted in a larger dielectric
susceptibility parallel to the polar axis compared to that per-
pendicular to polar axis, which does not agree with single-
crystal data. "’

The purpose of this study is to develop a more complete
phenomenological theory of PbTiO, that will better repre-
sent the intrinsic single domain behavior of this material.
The temperature dependence of the dielectric and piezoelec-
tric properties of PbTiO; could then be calculated. This the-
ory could also be useful in investigating solid solution sys-
tems, where the coefficients of the energy function and
properties of the end member PbTiO, are required.

Indirect methods were used to determine the coeffi-
cients of the energy function due to the lack of good single
domain single-crystal data. A sol-gel technique was used to
produce a pure and fine powder of PbTiO;. Using high-tem-
perature x-ray diffraction the spontaneous strain was deter-
mined from the temperature dependence of the cell param-
eters. These data were used with selected data from the
literature to determine the coefficients of the energy func-
tion.

In the next section the elastic Gibbs free-energy expan-
sion and the equations used to calculate the spontaneous
polarization and strain, and the dielectric and piezoelectric
properties will be presented. The experimental high-tem-
perature x-ray diffraction measurements and results will
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then be discussed in Sec. 11, followed by a description of the
procedure used to determine the coefficients of the energy
function in Sec. IV. Theoretical calculations using these val-
ues of the coefficients will be discussed and compared with
expenimental data in Sec. V. Finally, a summary of this study
and future applicauons of the results will be presented in Sec.
VL \

Il. PHENOMENOLOGICAL THERMODYNAMIC THEORY

Using the Landau-Ginsburg-Devonshire formalism
the elastic Gibbs free energy was expanded in a power series
of the polarization assuming isothermal conditions. The
nonzero coefficients of the energy function were limited by
the symmetry of the paraelectric phase: m3m for PbTiO,.
Using reduced notation,

AG=a,(P} +PI+P})+a, (Pt +PL+P}) +a, (PP} + PIPL + PiP}) +a,, (P} + P; + P3)
+a,u[PHP. +P) + PH(PL +P}) + PY(PI +PY)] +asPiPIP} — b5 (X + X1+ X3)
— 52X Xy + XX + X X)) — b (X2 + X2 +X0) —Q (X P} + XuP; + X,PY)
- Q.:[X (P +P3) + X, (P + P + X3 (P +P§)] — Qu (X PPy + X ;P Py + X P\P,), (1)

where P, and X, are the polarization and stress; ,, @, ,, and
a,, are the dielectric stiffness and higher-order stiffness
cocfficients at constant stress; 5,, is the elastic compliance
coefficient at constant polarization; and Q, , is the cubic elec-
trostrictive constant in polarization notation.

There are four possible solutions to Eq. (1) correspond-
ing to the cubic, tetragonal, orthohombic, and rhombohe-
dral structures:

Cubic: P'=P:=Pl=0 (2)
Tetragonal: P} =P1=0, Piz0 (3
Orthorhombic: P2 =P1#0, P =0 4)
Rhombohedral: P} = P2 = P2 0. (5)

The resulting energy functions and spontaneous polariza-
tion relations for these solutions have been reported in Ref.
14, along with equations for the spontaneous elastic strains
(x, ), dielectric susceptibilities (7,), and piezoelectric con-
stants (d,, and g,,).

The cubic and tetragonal phases are stable in PbTiO,,
and the orthorhombic and rhombohedral phases are meta-
stable. The cubic paraelectric phase is taken as the reference
state with an energy of zero. The spontaneous polarization
and strain, and pie- celectric constants in the cubic state are
also equal to zero. The relative dielectric susceptibility coef-
ficients (7,,) of the cubic phase are
To=7n=7"n=(02a,6)"", 7:=n3=7;=0

(6)

The equations for the tetragonal state will also be repeat-
ed here for convenience.

Tetragonal solution of the energy function (AG):

AG=a,P) +a,P} +a,, PS5 (7)

Spontaneous polarization (P, ):

—a; + (a}, — Jaa,)'"?

PI=pP: =0, Pi=
Ja,y,
(8)

Spontanecus elustic strains (x, ):

) )
x =x.=Q.P;, x,=Q,Py, xy=x,=x,=0.

3332 J Appl. Phys  Vol. 62, No 8, 15 October 1987
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Relative dielectric susceptibility coefficients (7, ):

7 =12z =[Qa, +2a,,P3 +2a,,:P3)€] 7
N33 = [(zal + 12a,,P} +30au|P:)€o]-l-

N2="N3 =75 =0 (10)
Piezoelectric voltage coefficients (g, ):

8::=2Q\Py, 8=20:2P; 8is=QubPs (1)
Piezoelectric charge coefficients (d,  ):

dy; = 26,15,Q01P5,  dy, = 26,7733Q1:P5, (12)

d,s = €1, Qs

The above equations can be used to calculate the sponta-
neous polarization and strain, and dielectric and piezoelec-
tric properties from the dielectric stiffness, higher-order
stiffness, and electrostrictive constants.

. HIGH-TEMPERATURE X-RAY DIFFRACTION

High-temperature x-ray diffraction was used to deter-
mine the cell parameters of pure homogeneous sol-gel de-
rived PbTiO; powder as a function of temperature. The
spontaneous strain was calculated from the cell parameters
and used to determine the spontaneous polarization through
the electrostrictive constants.

A sol-gel method, using lead acetate and titanium iso-
propoxide, was used to prepare PbTiO, powder. To control
the lead stoichiometry during calcining, excess lead oxide
was included in the powder by starting with additional lead
acetate during the sol-gel procedure. After calcining the
dried gel at 800 *C for 24 h, the excess lead oxide was washed
out with aceiic acid. The purity of the PbTiO, powder was
found to be greater than 99.987% from semiquantitative
spectrographic analysis. Trace elements of less than 0.005%
Si and Mg, and less than 0.003% Ca were found. No other
elements could be detected. A more complete description of
the sol-gel method used is given in Ref. 15.

A microcomputer automated Picker x-ray diffractome-
ter was used to collect the x-ray diffraction patterns using
CuKa radiation. The microcomputer was used to control
the stepping motor of the diffractometer and to collect and
store the data. Using this system the reproducibility of the
position of the 001 and 234 peaks of quartz was less than
0.0007 and approximately 0.005° 26, respectively.'®

A low thermal gradient high-temperature furnace, simi-

Haun et a/ 3332




lar in design to the furnace described in Ref. 17, was attached 134—r—T1T—"—T T TTT T
to the diffractometer. One of the main advantages of this 133 _’
type of furnace design is that the support of the sample is i ]
independent of the body of the heating chamber. Thus the sz\\ |
initial alignment of the sample will not be affected by a n 332 4
change in temperature. 131 S~
A computer program was used to determine the angle, g - 4
- intensity, and width of the diffraction peaks using a Cauchy ~ © 130 ‘—._‘_/ 7
'.:~:: fitting by nonlinear least squares, as described in Ref. 16. g |29:- 233 l
TN The peak angles were used to calculate the cell constantsand & "L L
AN sample displacement using the Cohen least-squares refine- % /[ ]
A ment method. '® This procedure corrected the cell constants | -
w0 due to the sample displacement error. The sample displace- g 46 —\W\ -
ment was less than 2 um throughout the measurements. z - -
The cell parameters at 24 °C were calculated using dif- 45 -
fractions peaks from 001 to 422 (21.365 to 146.7° 26). These 4a : :
values are shown in Table I along with the ¢/4 ratio, unit cell L 002 _
volume. and theoretical density. 43 -
> The 002/200 and 233/332 diffraction peaks were mea- - .
i sured as a &fnction of temperature, and the peak angles are a25———1 260 1 460 =
S plotted in Fig. 1. These data were used to calculate the cell TEMPERATURE (°C)
K \}:\ parameters as shown in Fig. 2. The extrapolation of the cubic
\ \:‘\ cell length (a_ ) will be described in the next section. The ¢/a FIG. 1. Angles of the 002/200 and 233/332 diffruction peaks of PbTiO.
N :: ratio and unit cell volume are plotted in Fig. 3 versus tem.  Plotted vs temperature.
P perature.
.V‘ The square root of the average of the sum of the squares  ( js the Curie constant, €, is the permittivity of the free
‘ :‘- of the differences between the measured angles and calculat- space, and @ is the Curie-Weiss temperature.
! \: ed angles from the cell constants gave a measure of the preci- As described in the Introduction, a wide range of values
> sion of the data. This value was 0.006° 26 for the room-tem-  of the Curie constant (C) and Curie-Weiss temperature (&)
j $\: perature measurements shown in Table I, and less than 0.03°  have been reported in the literature. Due to these discrepan-
S 26 for the high-temperature measurements. The standard cies indirect methods were used to determine C and 6. Amin,
L. deviations of the cell constant values at room temperature  Cross, and Newnham'® calculated the Curie constant from a
';:j were calculated to be + 0.0001 A (see Table I). combination of calorimetric and pheonomenological data.
e The same method was used to determine the Curie constant
oy IV. EVALUATION OF THE COEFFICIENTS OF THE of the sol-gel derived PbTiO, powder prepared in this study.
“ ENERGY FUNCTION In both cases a Curie constant of 1.5 X 10° °C resulted. The
: The spontaneous polarization and strain, and dielectric =~ Curie-Weiss temperature was determined indirectly from

OSS

and piezoelectric properties of PbTiO, can be calculated ~ spontaneous strain data as described in the following para-

from the coefficients of the energy function as shown in Sec.  graphs.

Y

: W 11. The coefficients needed for these calculations are the di-

: ! electric stiffness (a,), higher-order dielectric stiffnesses
"-s'_;- (a,,, @2 a,,;, and a,,.), and electrostrictive constants T+ 17 v v 1 r v
: / (@11 Qipr and Q,,). These coefficients will be determined 5 4 sl {
1y from experimental data in this section. - S
.:';'1' All of the coefficients were assumed to be independent z o T 7

e of temperature, except the dielectric stiffness constant a,, E L i

~ . . .

f._j which was given a linear temperature dependence based on F

N the Curie-Weiss law: o 400 o 9 ]

- Q -

@ a, = (T —-6)/2,C. (13) - ‘—’/ b
‘ <
now

.::__. -4 - a, 4
e | I W S WY S N1
.'::. TABLE I. Cell parameters and related constants of PbTiO, at 24°C. 3°=O At 200 400 600
e TEMPERATURE (*C)

.~ Cell constant a( A ) 3.8995 + 0.0001*

o Cell constant c(A) 4.1552 + 0.0001* FIG. 2. Lattice constants of PbTiO, plotted vs temperature. a, and ¢, are
._ c/a ratio 1.066 the lattice constants of the tetragonal structure. a- and a; are the lattice
.-,:.' Unit cell volume (A") 63.18 constants of the cubic structure above 7 and extrapolated into the tetra-
:—._’. Theuretical density (g/cm’) 7.966 gonal region, respectively. a;- was calculated from the tetragonal cell con-
2. stant data using Eq. (19) with the assumption that the x./x, ratio was
;;: * The standard deviation of the least-squares cell constant calculations. —~ 3.455 at any temperature.

s
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e,

)
b
_.‘_ 18— 7 T T T T and a¢ is the cell length of the cubic structure extrapoiated i
- i into the tetragonal region. |
P o ‘Osr B When calculating the spontaneous strains of the tetra-
e i ) g pontaneous strains of the tetra
e & 104 _ gonal structure at a particular temperature, the cubic cell |
s e L 4 constant should be extrapolated to that temperature ac-
P Y o2} ~ counting for the thermal expansion. A linear extrapolation
(a) .
. o oy ] of the cell constant from above the transition can be made
./_‘_‘.‘ 100 —1—t 200 200 €00 over a narrow temperature range with fairly good accuracy.
:\." TEMPERATURE (°C) However, a linear extrapolation of the cubic cell constant of
-‘{:" PbTiO, of almost 500 °C to room temperature may cause
e 634 erroneous results. The linear thermal expansion coefficient
-~ - vt 1 1 v 11 v . s s .
L of many oxides changes significantly over a wide tempera-
\ I _ r ] ture range,”® and thus would also contribute to this error.
o « 630 ‘1 Previousiy''"-'“ the cubed root of the tetragonal volume
_::: W r ] (a%ecr)''? was uscd as a;. Using this method there is no
.: > 3 26l b volumetric strain in the tetragonal state, resulting in a hy-
:\:-. g ®eor /‘ drostatic electrostrictive coefficient (Q, ) of zero. Thus an
: - bl alternative procedure should be used to better estimate the
. 52‘2;4_1 S N spontaneous strain.
NG TEMPERATURE (°C) The ratio of the electrostrictive coefficients Q,, and Q,.
N can be determined from the ratio of the spontaneous strains
-:‘-‘ FIG. 3. (a) c/a ratioand (b) unit cell volume of PbTiO; plotted vs tempera- x, and x, from Eq. (9):
L. e xy/x, = 011/ @z (20)
’:-r". The linear thermal expansion coefficient of the cubic <.ll
._::\ ' ) o ) constant data (ac) shown in Fig. 2 was calculated from a
f T The hngher—qrder dielectric spi_fness coefficients a,, and linear least-squares fit to be 12.6X107%°C~". Using this
NS a,,, were determined at the transition temperature (7 ) by thermal expansion coefficient, a. was extrapolated a few
equating the energies of the cubic and tetragonal states and degrees to the first set of tetragonal cell parameter data at

! ]
]
.
. ¢

combining this equation with the first partial derivative
equilibrium condition dG /9P; = O:

489 °C and used as g to calculate the spontaneous strains x,
and x,. The resulting x,/x, ratio and thus Q,,/Q,, ratiowas

5 a, =[ - (Tc — 6)]/,CP3, (14) -3;;;5-1 ive coefh . e fornoe
PR _ . e electrostrictive coefficients of perovskite ferroelec-
_‘:,',:‘ ' @ =(Tc B 9)/2¢,CPs. _ (15) trics have been experimentally shown to be only slightly tem-
" With these equations the T — 8 difference and the sponta- perature dependent.?** Thus the Q,,/Q,, ratio was as-
o neous polarization at the transition (P,) can be used to de- sumed to be independent of temperature. a. was then
e termine a,, gnd Aine . calculated from the tetragonal cell constant data using Eq.

-7 By substituting Egs. (13)-(15) into Eq. (8) thefollow-  (19) with the assumption that the x,/x, ratio was — 3.455

Foe ing relation results: at any temperature. The a; data calculated using this proce-

{ :.:‘_'-_ P =yP}, dure are plotted in Fig. 2.

.7 where The spontaneous strains x, and x; were calculated from
iy the cell parameter data shown in Fig. 2 using Eq. (19) and
o v = _[ ( (T-0) ) ] _ (16) were plotted in Fig. 4. A computer program was used to

:-L: 4T, -06) determine the values of x4, x5, and € that gave the best

~ Equation (16) can be used to calculate the spontaneous po-  least-squares fit of the experimental strain data using Egs.
- larization from P,, 6, and T — 6, independently of the Cu-  (17) and (18) with T equal to 492.2 °C. This value of 7.

: o rie constant. was determined from a polynomial fit of the PZT phase dia-
® Similar relations can be derived for the spontaneous ~ 8ram,'* and agrees with x-ray and DTA data of the sol-gel
% strains x, and x, by substituting Eq. (16) into Eq. (9): derived PbTiO; powder used in this study. The theoretical fit

- of the strain data is shown in Fig. 4 by the solid curves, and
X, = dxy, where x,,=0,,P, (17 the constants used in the calculations are given in Table I1.
::_-. x, = ¥x,, where x,,=0, P} (18) Using Eqgs. (16)-(18) the spontaneous polarization can
iy x,,and x,, are the spontaneous strains at the transition tem- b€ calculated from the electrostrictive coefficients and the

: .‘~ perature T.. constants deterrpmed above. The electrogmctnve coefficients

. The spontaneous strains x, and x, can be calculated ~ Nhave not been directly measured on PbTiO;, but can be cal-
oA from the cell constants using the following relations: culated from experimental spontaneous polarization and
e , , . strain data. Using the room-temperature P, value 0of 0.75 C/

e % =(ar —dc)/ac, xy=(cr —dc)/ac. (19) " m?from Ref 10 the Q,, and Q,, constants were calculated
o a, and ¢, are the cell constants of the tetragonal structure, from the spontaneous strain data as listed in Table II. The
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FIG. 4. Spontaneous strains x, and x, plotted vs temperature. The data
points were calculated from the iattice parameter data shown in Fig. 2 using
Eq. (19). The solid curves were calculated from the theory using Eq. (9)
and the constants listed in Table II.

Q.. constant listed in this table was estimated in Ref. 23 from
7, d,s, and P, data using Eq. (12).

The spontaneous polarization at the transition (P,) was
calculated from x,, and x5, using Eqs. (17) and (18) by
assuming temperature-independent electrostrictive con-
stants. P, was used with the other constants listed in Table II
to calculate P, as a function of temperature from Eq. (16) as
shown in Fig. § by the solid curve. The data points in this
figure were calculated from the experimental spontaneous
strain data using Eq. (9).

The dielectric stiffness coefficients a,, a,,, and a,,,
were calculated from Egs. (13)-(15) using the values of C,
T¢, 6, and P, listed in Table I1. Using these coefficients the
dielectric susceptibility coefficient n,, was calculated as a
function of temperature from Eq. (10) as shown in Fig. 6 by
the dashed curve. The data points and solid curves of the 7,,
and 7,, coefficients in this figure are experimental dielectric
constant measurements on crystals of PbTiOQ, by Fesenko,
Gavrilyachenko, and Zarochentsev.'’ The decrease in di-
electric constants from 0 to — 100 °C was reported as being
due to the relaxation of the defect contribution present in
these crystals. The values of the dielectric constants at tem-

TABLE I1. Constants used in the theoretical calculations.

T-(*C) 4922
9¢°C) 4738
Tc - 6(°C) 13.4
C(10°*C) 1.5
x,6(107%) —0.362
x0(1077) 1.24
P,(C/m?) 0.373
Q.. (10"t m*/C?) 8.9
Q,,(107 2 m*/C?) -26
Qu.(107  m*/CY) 6.75°
a,(10°m/F) at T, 5.045
a, (10" m/F) at25°C - 1.708
a., (10" m*'/C* F) ~7.252
a,, (10" m*/C*F) 1.5
a,, (10" m*/C*F) 2.606
a,,,(10* m*/C* F) 6.1

*From Ref. 23.
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FIG. 3. Spontaneous polarization P, plotted vs temperature. The data
points were calculated from the experimental spontaneous strain data
shown in Fig. 4 using Eg. (9) and the electrostnictive constants listed in
Table I1. The solid curve was calculated from the theory using Eq. (16) and
the constants listed in Table I1.

peratures below — 100 °C, where the defect contribution
has “frozen out,” may represent the intrinsic dielectric con-
stants if no further relaxations occur at lower temperatures.
The agreement between the experimental and theoretical
values of 77,4, at low temperatures is fairly good considering
the constants used in the calculations were determined inde-
pendently of any dielectric data and the electrostrictive con-
stants and higher-order dielectric stiffness coefficients were
assumed to be independent of temperature.

To calculate the dielectric susceptibility coefficient 7,,
using Eq. (10) the dielectric stiffness coefficients a,, and
a,,; must be determined. These two coefficients are not pres-
ent in the energy function for the tetragonal state [Eq. (7)]
or in the first derivative quantities [Egs. (8) and (9)], but
do arise in the second derivative dielectric properties [Eq.
(10)]. Thus experimental 7,, data are needed to determine
a,;and a,,. The low-temperature 7,, data shown in Fig. 6
were used to determine temperature-independent ¢ . and
a,,, coefficients that gave the best least-squares fit of these
data with Eq. (10). n,, was then calculated as a function of
temperature as shown by the dashed curve in Fig. 6.

aoc T ' L]

DIELECTRIC SUSCEPTIBILITY

TEMPERATURE (°C)

FIG. 6. Dielectric susceptibility coefficients ,, and 7, plotted vs tempera-
ture. The data points and solid curves are experimental measurements on
single crystals from Ref. 13. The dashed curves are theoretical calculations
using Eq. (10) and the constants from Table II. The experimental n,, data
was used to determine the o, and a,,, diclectric stiffness coefficients.
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._ i V. THEORETICAL CALCULATIONS 1000 —r—T—T 10000
:.. ':: The tetragonal and orthorhombic solutions to the elas- L j
\ \:' tic Gibbs free energy, and the dielectric and piezoelectric H

-:J-: properties of PbTiO, will be calculated in thus section using ‘: 800} —{sooo0
i Wy the equations from Sec. II and the constants from Table II. &
( Comparisons will then be made with experimental results. " i 1
A The tetragonal and orthorhombic solutions to the elas- 2 e00 6000

-.:\ tic Gibbs free energy are plotted versus temperature in Fig. =

' :.::: 7. The tetragonal solution was calculated from Eq. (7), and % K

:-“,:» the equation used for the orthorhombic solution is given in S 400 4000

.:~'. Ref. 14. Above T (492.2 °C) the energy of the tetragonal 8

) state is positive, and thus the cubic state with the reference z

109 energy set to zero is stable. At T the tetragonal energy de- ]

Ny creases to zero, and then becomes negative below T causing o 200 2000

o the tetragonal phase to become stable. S

) As showu in Fig. 7 the energy of the tetragonal state is

L always lower than that of the orthorhombic state, and thus S L =5 %

PbTiO, does not transform to orthorhombic as occurs in TEMPERATURE (°C)
- BaTiO,. This is duc to the larger value of the & ratio

| :.F::. (= — a,»/a,,) inPbTiO, compared to that in BaTiO,. The FIG. 8. Diclectric susceptibility coefficients of the tetragonal (7,, and 7,,)
’ f: value of & controls the transition temperatures to lower sym-  2°d cubic (7, ) phases plotted vs temperature.

".:' metry phases. The value of ¢ in PbTiO, is large enough to
‘\-‘,.:-: keep the tetragonal phase stable down t0 0 K. A lower value anisotropy (7,,/7,,) at room temperature was more than an

> of ¢ in BaTiO; causes the tetragonal to orthorhombic and  order of magnitude greater than in PbTiO,.

® orthorhombic to rhombohedral transitions to occur.’ In addition to controlling the phase stability as de-

l.l.i‘l.l"l.ll‘

The higher-order diciectric stiffness coefficient a,,; is
needed to calculate the energy of the rhombohedral state.**
This coefficient can be determined in the PbZrO,:PbTiO,
solid solution system where the rhombohedral phase is sta-
ble, and then extrapolated to PbTiO,. Using this procedure
the energy of the rhombohedral state was calculated and
found to be greater than the energy of the tetragonal state.

The dielectric susceptibility coefficients in the cubic and
tetragonal phases were calculated from Egs. (6) and (10)
and were plotted versus temperature in Fig. 8. In the tetra-
gonal state close to T the dielectric susceptibility perpen-
dicular to the polar axis (n,,) is less than the susceptibility
parallel to the polar axis {7,,). At a lower temperature the

scribed above, the value of ¢ also controls the dielectric an-
isotropy. The larger value of ¢ in PbTiO, causes the anisot-
ropy to be smaller than in BaTiO,. If the value of & is
increased, the anisotropy (7,,/7;;) will decrease and even-
tuaily n,, will be less than 75, at all temperatures.

The ratio of the sixth-order dielectric stiffness coeffi-
cients @, ,,/a,,; and a,;/a,,, controls the dielectric anisot-
ropy and phase stability in addition to the ¢ ratio. Isupov™’
has studied the effect of the @ ,, @, |5, and a, », coefficients on
the phase stability of perovskite ferroelectrics.

The piezoelectric voltage and charge coefficients (g,
and d,,) were calculated as a function of temperature using
Eqgs. (11) and (12) as shown in Figs. 9 and 10, respectively.

s
v values of these coefficients cross, and then 7,, becomes
» Y- . v
N greater than 7,;. This same effect was theoretically® and ex- 160 [yt
:-_‘. perimentally** found to occur in BaTiO,, except that the z | ]
25 3
o 2ol
---’ l9 3 -
W = 120k e -
- o—r—r—7—7— - 3
> ' z L
Gy ] r /; ) w [
vy ;, - ORTHORHOMBIC [ S L J
- w [ Tc ) t o
we ool ] o ]
o w e -sor ] S sof- B
o = ] 5 *
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LN -300 0 300 600
\ ::-‘: FIG 7 Elastic Gibbs free energy for the tetragonal and orthohombic states TEMPERATURE (°C)
\:"'. plotted vs temperature FIG. 9. Piezoelectnic voltage coefficients (g,,) plotted vs temperature.
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o
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FIG. 10. Piezoelectric charge coefficients (d,,) plotted vs temperature.

The negative temperature dependence of the g, ; coefficients
was caused by the temperature dependence of the spontane-
ous polarization. The positive temperature dependence of
the d,; and d;, coefficients was caused by the strong tem-
perature dependence of the dielectric susceptibility coeffi-
cient 7,,, which dominated the temperature dependence of
the polarization. The smaller temperature dependence of
7,1, compared to 173,, caused the d,4 coefficient to increase
only slightly over a wide temperature range.

Table I1I shows the theoretical single-crystal spontane-
ous polarization, AG ’s of the tetragonal and orthorhombic
states, and dielectric and piezoelectric properties of PbTiO,
at 25 °C. The calcuiated values of the dielectric susceptibili-
ties 7,, and 775, shown in this table are considerably less than
the experimentally measured values at room temperature
from Ref. 13. However, as previously shown in Fig. 6, good
agreement was found at low temperatures where the defect
contribution to the susceptibility had *“frozen out.”

The value of the calculated piezoelectric d,, coefficient
shown in Table III is less than the experimentally measured
values of 117 pC/N (measured by a dynamic method) and
193 pC/N (measured by a static method).?® The larger ex-
perimental values may be due to the defect contribution to

TABLE III. Calculated single-cryztal properties of PbTiO, at 25 °C.

P (C/m%) 0.7%
AG,(10°J/m*) -72.7
AG,(10°]/m") - 321
T 66.6
n 1244
g0 'Vvm/N) 134.3
2., (10 'Vm/N) -1392
£:.010° 'V m/N) 50.9
d. (10 '*C/N) 79.1
d, (107 '* C/N) - 231
d, (1072 C/N) 56.1

3337 J. Appl. Phys . Vol. 62, No. 8, 15 October 1987

the dielectric constant as previously described. An experi-
mental value of — 25 pC/N was reported for the d,, coeffi-
cient.?® This value is in good agreement with the calculated
d,, shown in Table I1I. The temperature dependence of the
d,, coefficient was also reported in Ref. 26, and is plotted in
Fig. 11 along with the theoretical temperature dependence.
The d,; coefficient was experimentally found to be 65 pC/
N, compared to the theoretical value of 56 pC/N shown in
Table III.

VI. SUMMARY

High-temperature x-ray diffraction was used to deter-
mine the cell parameters of pure sol-gel derived PbTiO,
powder. The spontaneous strain was calculated from these
data and used with the electrostrictive contants to calculate
the temperature dependence of the spontaneous polariza-
tion. All of the coefficients of the energy function were as-
sumed to be independent of temperature, except the dielec-
tric stiffness coefficient which was given a linear
temperature dependence based on the Curie-Weiss law.
These coefficients were determined from the experimental
data collected in this study and from selected data from the
literature. The theory was found to predict the spontaneous
polarization and strains very well.

The calculated phase stability was found to agree with
the experimental phase diagram by predicting a cubic to te-
tragonal phase transition without any other transitions to
lower symmetry phases. The theoretical dielectric suscepti-
bility coefficients and anisotropy of these coefficients were in
good agreement with experimental dielectric data at low
temperatures where the defect contributions had *“frozen
out.” The calculated piezoelectric 4, coefficient was also
found to agree quite well with low-temperature experimen-
tal data.

The energy function developed in this study provides a
way of preceding the intrinsic single domain diclectric and
piezoelectric properties of PbTiO,, which had not been com-
pletely determined from experimental measurements. This

-200 Q 200 400
TEMPERATURE (*C)

PIEZOELECTRIC COEFFICIENT ~d, {pC/N}

FIG. 11. Piezoelectric charge coefficient d,, plotted vs temperature. The
diamond-shaped data point is an experimental room-temperature value of
d,, from Ref. 26. The circular data points and solid curve are the experimen-
tally measured temperature dependence of d,, from Ref. 26. The dashed
curve is the theoretical calculation.
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theory will also be useful in investigating solid solution sys-
tems, where the coefficients of the energy function and prop-
erties of the end member PbTiO, are required. A phenome-
nological theory of the PbZrO,:PbTiO; solid solution
system, which accounts for the oxygen octahedral tilting and
second-order transition region,”” 15 presently being devel-
oped using the results of this study.

The properties of pure ceramic PbTiO, can be estimated
from the results of this theory using ceramic averaging tech-
niques. Upper and lower limits of the dielectric and piezo-
electric properties of ceramic PbTiO, have been approximat-
ed using a simple averaging procedure and the results of this
study.*® The calculated ceramic properties have been used to
help understand the dielectric and piezoelectric behavior of
modified PbTiO, ceramics.™
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o ABSTRACT
e

xa The lattice paraseters of sol-gel derived Pb(erTil_x)03 powders were
o determined as a function of temperature using a microcomputer automasted
.,_ Picker x-ray diffractometer. The spontancous straic was calculated from the
:\, lattice parameters, and used with other experimental data to develop a
o thermodynamic phenomenological theory for the PZT solid solution system. A
N second tricritical point, where the transition changes from first to second
b < - order, was found to occur nesar or possibly at the morphotropic phase
. j- boundary betwveen the tetragonal and high temperature rhombohedral phases.
s Using an equation derived from the theory, the spontaneous tilt angle of the
. oxrgen octahedra in the low temperature rhombohedral phase was calculated
from the experimental spontaneocus strain dats.

-"I
o INTRODUCT ION

' Ceramics of lead zirconate:lead titanate (PZT) solid solutions have

been widely used for piezoelectric transducer applications, becsuse of their

e superior properties”, Compositions of PZT have also been used in
pyroelectric detectors~.
A\I
;, The PZT phase diagram is shown in Figure 1, A cubic paraelectric phase
o~ (Pc) occurs at high temperatures and has the perovskite crystal structure
" ABO3. On the PbTiO, side of the phase diagram, a ferroelectric tetragonal
.' phase (FT) exists with a spontaneous polarization along the pseudocubic

] [001) direction. A morphotropic boundary sepsrates the tetragonal phase
:’F'— from a ferroelectric high temperature rhombohedral phase (FNBT)).
', Another ferroelectric to ferroelectric phase transitionm occurs between
' the high end low temperature rhombohedral phases. Both of these
-y rhombohedral phases have a spontaneous polarization that occurs along the

[111] direction. The low temperature rhombohedral phase has s tilting or

_. rotation of the oxygen octashedrs about the ([111] axis, which does not occur
- in the high temperature phase.
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Figure 1. The PbZr04:PbTiO; phase diugrsll.
Y

: On the PbZr0,; side of the phase disgram antiferroelectric tetragonmal

C° (Ay) and orthorhombic (Ay) phases are present. These sntiferroelectric
: phases are composed of two sublsttices with equal and opposite polarizstion,
. resulting in zero net polarization.

3 A phenomenological thermodynamic theory using the Landau:Ginsburg:
, Devonshire formalism has been a useful method of correlsting the dielectric,
N piezoelectric, elastic, and thermal properties of many ferroelectric
N matorisls. When good quality single domain single crystals of the material
0" are svailable, the unknown coefficients of the energy fumction can be
\; directly determined.
( Unfortunately, good quality simgle crystals are not available for the

PZT system, and thus the procedure used to determine the coefficieats of the

{ energy funmction must be indirect. Ome indirect method is to use x-ray
-4 povder diffraction to determine the cell parameters as a function of
,f temperature. The spontaneous strain can then be calculated and related
| : through the electrostriction coefficients to the intrinsic spontaneous
"2 polarization, which can be used to determine coefficients in the energy
fonction.

r

': A phepomenological theory has been developed for the single cell region
[, (cubic, tetragonsl, and high temperature rhombohedral phases) of the PZT
s solid solution system using spontaneous strain dats determined from x-ray
! diffraction®. The theory was them extended to include the low temperature

rhombohedral phase by inclgdin' the oxygen octahedral tilt sngle as an
additional order purn-otor" « First order phase transitions were assumed
in this theory, where s discontinuous change occurs in the lattice
parameters and spontaneous polarization at the tramsition.

However, at the cubic-rhowbohedral boundary, a tricritica! point has
been shown to exist at the Pb(Zro-94Tio_6)03 composition, where the
transition changes from first to second order. At a second order phase
transition, the lattice parameters and spontaneous polarization change
continuously, and thus a change from discontinuous to comtinuous behavior
occurs at a tricritical point.
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From PbZr03 to the tricritical point, the transition was shown to be of
first order, and a region of second order behavior occurs from the
tricritical point over to at least the Pb(Zr, aTio.lz)O composition®.
Ezperimental spontansous strain data for PbTi03 a several compositions
in the tetragonal phase field over to the morphotropic phase boundary
indicate that the cubic-tetragonal phase transition is first order. A
second tricritical poiant should therefore occur between Pb(Zry ggTij 1,)0;
and the morphotropic boundary.

To find the second tricritical point, sol-gel derived PZT powders were
prepared for several compositions in the rhombohedral phase field. The
lattice pasrametors were determined as a function of temperature from high
temperature x-ray diffraction and were used to calculate the spontaneous
strain. Using this data with the phenomenological theory, the second
tricritical point was found to occur near or possibly at the morphotropic
boundary. A theory was developed for the second order trasnsition region
between the two tricritical points, and the details of this theory are
presented in Reference 6.
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The purpose of this paper is to describe the x-ray measurements aand

: :; saalysis, and the application of the x-ray data to the development of a
i phenomenological theory of PZT.
o
--".-"
;: o HIGH TEMPERATURE I-RAY DIFFRACTOMETER
Al
’__ A microcomputer automated Picker x-ray diffractometer was used to
) _.-v’ collect the x-ray diffraction patterns. The stepping motor was controlled
.:_-.': by the microcomputer, which was also used to collect and store the data.
’-;{ﬂ Using this system the reproducibility of the position of the 001 and 234
:¢;: peaks of quartz was less than 0.0007 and approximstely 0.005 degrees two-
‘:t“: thets, respectively'.
" -
i A low thermal gradient high temperature furnace, similar in design to
W the furnace described in Reference 8, was attached to the diffractometer.
bﬂ One of the main advantages of this type of furnace design is that the
{xi support of the sample is independent of the body of the heating chamber.
M Thus the initisl alignment of the sample will not be affected by a change in
ﬁ-ﬁ temperature.
Lyl
‘
D X-BAY MEASUREMENTS AND ANALYSIS
HCSAN
ixim Four compositions of Pb(thTil_x)03 with x equal to 0.6, 0.7, 0.8, and
_,.3,: 0.9 with excess lead oxide were prepared uvsing s sol-gel method, as
IR described in Reference 9. The dried gels were calcined at 800°C for 24
f\{} hours. The excess PbO was then removed by washing the powder with a 50/50
T acetic acid/H,0 solutiom.
o
N The z-ray diffraction patterns of the four PZT powders were measured

using the system described above. The step size and count times used varied
from 0.02-0.05 degrees two-theta and 2-15 seconds depending on the
temperature and angle of the peak being measured. Larger step sizes and
A longer count times were used as the peak angle increased. The count times
. were also increased as the temperature was increased.
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The bhigh temperature cubic structure distorts to a lower symmetry when
trapsforming to the tetragonal or rhombohedral phases, and many of the
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~

!

, diffraction pesks split into multiple peaks. The lattice parameters of the

U structure determine the angles of these multiple pesks. At the second order
_ay cobic to rhombohedral tramsition the lattice parameters change continuously,

and thus the splitting of the peaks from single to multiple peaks also
occurs comtinuously.

Figore 2 show the splitting of the cubic 220 peak to form the
rhombobhedral 220 and Z20 peaks for the Pb(Zz( gTig 5)03 composition.
According to the phase diagram, the cubic to rhombohedral pbase tramsition
occurs at 298°C for this composition. Above the transition at 308°C, the
cubic 220 peak displays the Kal and lnz radistion since the overlap has been
eliminated. Below the transition two peaks occur corresponding to the
rhombohedral 220 and 220, each with a contribution from Ka; and Ka,.

A computer program was used to determine the angle, intensity, and
width of the diffraction peaks using a Cauchy fitting by nonlinear least
squares, as described in Reference 7. On the right side of Figure 2, the
computer fitting of the peaks was superimposed over the measured peaks. The
‘“1 an Kaj peaks were accounted for in the fitting, as can be seen by the
fit of the single 220 cubic peak at 308°¢C.

320 220
220 220
' = 81
AR 127
-.{:.
NJ‘)
i
o 25
D
» :J
A 308
F‘d',-
1 <] 64 & 84
b Angle 28 (Deg)
"
| :_'- Figure 2. The x-ray diffraction pattern of the
| -\.": Pb(?ro's‘l‘io 2)03 composition showing the
Ay splitting ol the cubic 220 peak ianto the
i rhombohedral 220 and 220 pesks. The
o moasured peaks are shown on the left side
Y of the figure, and the computer fitting of
o the peaks superimposed over the measured
S peaks is shown on the right.
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The rhombohedral 220 and 220 peaks could be separated up to 265°C by
keeping the width of the peaks constant. Above this temperature the
splitting became too small to distinguish the two peaks.

In Figure 3 the sngle of the peaks determined from the computer program
are plotted versus temperature. Between 265°C and the phase transition,
whers double peaks could not be fit, a single peak angle was determined.
The dashed lines refer to the transition temperatures dotermined from the
phase diagram.

> o)

» .L_.

—'f",

CELL PARAMETERS AND SPONTANEQUS STRAIN

~
&

:'_. Four sets of rhombohedral double peaks (111, I11; 220, Z20: 222, 222;
.. and 420, §20) were used to calculate the cell parameters using the Cohen
= least squares refinement method*”. This procedure also allowed for a
:_: correction due to the sample displacement, which was usually less than 0.03
a mm. The square root of the sverage of the sum of the squasres of the

differences between the measured angles and calculated angles from the cell
parameters gave a measure of the precision of the fit. These values were

\I

. usually less than 0.02 degrees two-theta and often less than 0.005 degrees
[~ tvo-thets.

_. The rhombohedral angle is plotted versus temperature in Figure 4a for
Y, the for the four rhombohedral compositions. The spontameous strain x4 was
= cslculated from the rhombohedral asngle a using the relation x, =
e (90°-a)/90°, and is plotted in Figure 4b.

.‘d

:. The spontaneous strain X4 in the high temperature rhombohedral state

was related to the spontameous polarization P3 through the electrostriction
constant Q, by

N
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:: 63.9r—r——r1r—r—rr"—r—7
. F® . 2r/Ti=80/20 1
-, ~ 638 . N -
o 0] e 220
L - N o ° -t
” *
S e3.7F .
‘ e .o [ T
: - - PP
- % 63.6f ' <
” g b e . =
, < e o 220 1
2 63.5 PR . | ©
|
3 R.r L
g 63.44..L L .#|4;.1
o (o] 100 200 300 400
\ TEMPERATURE (°C)
A_: Figure 3, The angle of the cubic 220 peak
~ and the rhombohedral 220 and 220
: peaks plotted versus temperature
! for the Pb(zto s'rio 2)03
L composition. ‘
o~
.
e
-‘L
:./
_3
K
Foe
.l
)
()" - AT R I Th v -\.'\.\ '\"x\\"\'\'\-‘\\‘\'.\\\\ AR NTRTH
NI 1 i A N W) J' & A
! ~“ ‘S‘\\' Q.l Che X s "\"-. g-ﬁq’l. n&t.ﬁ. ' -*“'.r a} \. ‘.\ "‘-‘°"\



478 IX. HIGH TEMPERATURE AND NON-AMBIENT POWDER DIFFRACTION
90! T T 71 1 1 T 4 L | T T 1 !
b P e L
J TS . missovi0 ]
838y 2¢/Ti=90/10 e . \
- T o 4
896 MU S 1 n 1 4 o n ) I S | i 1 i
G 900 T | B T T T 'F. 4 T I v I T T '
w Q b
e 3 80/20 ] = [
w 898 b < 2r m
:z(’ j z 80/20
N [ S W G R « —_—l [ S
3 896 E E
; 900 T T LA T T T n 4 Y T T T T T T
Q d g -
H a [
§ 898 70730 - %‘ 2k 720/30
2 2 :
X g9 N D S N SR S g ob— 1
900, M v T 4 T T 4 Y T T T T
898 60/40 ] ZLNAOO -
89 L i P | 1 1 i F A L. ] P N L
6 00 200 300 400 %66 200 300 400
: TEMPERATURE (°C) TEMPERATURE (*C)
(] (a) (»)
' ,' Figure 4. The a) rhombohedral angle and b) spontameous strain plotted versus
e tempsrature for four PZT compositions within the rhombohedral
( phase field.

The spontaneous polarization was then used to solve for the fourth and sixth
order dielectric stiffness constants of an emergy function (see Reference 6
for more details of the theoretical calculations).

The fourth order constant was found to be positive, indicating that the
transition from cubic to rhombohedral is second order for all four of the

b \'-f‘ compositions. If this constant was negative, the transition would be of
:.:; first order. The sixth order constant was also positive and decreased with
A composition from Pb(Zry ¢Tig ;)03 to Pb(Zry (Tig ()03, and from s linear
.-:'.- extrapolation would become zero near the morphotropic boumdary. This
-'\'-‘ indicates that a tricritical point would occur and the transition would
o change back to first order.
®
SR
:‘,-? OXYGEN OCTAHEDRAL TILT ANGLE
B ™o
AN
A Spontasnecus tilt angle data of the oxygen octahedra in the low
‘-_',." temperature rhombohedral phase are needed to detormine the tilt angle
Yy related coefficients in the energy function for PZT. Unfortunately, the
° til llﬁglo has been determined onlysfor Pb(Zrj ¢Tig })03 st 25 and
o 60eC 4 and for ""‘z’o.s“o.ﬂ% st 9k*7 using neutron diffractiosn.
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However, the tilt angle can be calculated from the spontanmeous strains
data using the following equation derived from the phenomenological theory:

1y = QP + Ry03 (2)

The first term in this equation is am electrostrictive term, and is the same
as that vsed to calculate x4 in the high temperature state (equation 1).
The second term is 8 rotostrictive term, where R, is a rotostriction
constant and O3 is a componeant of the tilt angle.

The high to low tempersture rhombohedral transition has been showa to
be of first order“. The temperature dependence of the rhombohedral angle
and spontaneous strainm remain similar above and below the tramsition (see
Figure 4), even though the spomtaneous polarization and tilt angle change
discontinvously at the transition. This happens because the
electrostrictive effect causes the structure to expand, while the
rotostrictive effect causes it to comtract.

The electrostriction Q,, sad rotostriction R4q constants were
calculated from experimental spontaneous strain, polarization, snd tilt
sngle dsts, which are available for the Pb(Zr, gTij ;)03 composition™”. The
tilt angle was then calculated from the spontanmecus strain data using the
phenomenological theory to determine the spontaneous polarization.

Figure § shows the tilt angle of Pb(Z:o 9Tio.1)03 calculated using this
method, along with data that were determined from neutron diffraction. The
tilt sngle was also calculated for the Pb(Z:o_7‘l'i°.3)03 sad Pb(Z:O.sTio.z)Of
compositions, and is shown in Figure 6 alomg with the theoretica
calculations (solid curves) of the tilt angle using the phenomenological

theory.

|0 Ll l' S ] Ll l L] I' ¥
From Michel, et al 1969 1
Z of- .
w v
g L From x-ray data 1
= L \_‘ +
-
g 4 f =
< | From Glazer,et.al 1978 B
(™
.':' 2r -1
L PZT 90/10
o i l A J; A l A l A

0 20 40 60 80 100
TEMPERATURE (*C)

Figure 5. The spontaneous tilt angle plotted
versus temperature for the
Po(Zr .9Tig )03 composition. The
circu?nr data points were calculated
from x-ray spontaneous strain data,
and the trisngular dsta points were

determined from nentron diffuctionu'n.
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Figure 6. The spontanecous tilt angle
plotted versus temperature.
The data points were
detormined from x-ray
spontaneous strains data, and
the solid curves were
calculated from the
phenomenological thoory‘.

SUMMARY

XI-Ray diffraction patterns of sol-gel derived PZT powders were messured
es & function of temperature using a microcomputer automated Picker zx-ray
diffractometer. The angle, intensity, and width of the diffraction peaks
were determined from a Cauchy fitting by nonlinear least squares. The cell
parameters were calculated from the peak angles using the Cohen least
squares refinement method.

The spoataneous strain X, was then calculated from the rhombohedral
angle and used to determine the spontaneous polarization through the
electrostriction constant Q4‘. The strain data were also used to calculate
the oxygen octshedral tilt amgle.

A thermodynamic phenomenological theory for the second order region of
the PZT solid solution system was developed using this polarization and tilt
angle data. A second tricritical point, where the transition changes froms
first to second order, was found to occur near or possibly at the
morphotropic boundary between the tetragonal and rhombohedral phases.
Additional spontaneous strain data will be required to precisely determine
where tkis tricritical poiat occurs.

This second order theory will be combined with a previously developed
first order theory, and then extended to include two sublattice
polarizations to account for the antiferroelectric region of the phase
disgram. A single energy function will then be able to describe the eatire
PZT systea.
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TEMPERATURE BEHAVIOR OF THE COMPLEX PIEZOELECTRIC
( dy, COEFFICIENT IN MODIFIED LEAD TITANATE CERAMICS
¢
i
:‘ D. Damjanovic, T.R. Gururaja, S.J. Jang and L.E. Cross
‘l
v Materials Research Laboratory, The Pennsylvania State University,
N University Park, Pennsylvania 16802, USA
s
o
o
3 ABSTRACT: Piezoelectric properties of modified lead titanate ceramics were
v investigated in an effort to explain the large electromechanical anisotropy observed in
A
! these materials. While the thickness coupling factor is approximately constant with
‘ 3 temperature, the planar coupling factor becomes zero near room temperature, probably
"' indicating a change in sign of the piezoelectric dy; coefficient . It is shown that for an
.

accurate description of the electromechanical behavior of modified lead titanate ceramics,

all material constants relevant for the planar coupling mode (11 €33, d3;) must be

rEELSES

taken as complex. Possible contributions to the complex d4; are discussed.
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INTRODUCTION;

Modified lead titanate ceramics have recently received a great deal of attention as
promising materials for transducer arrays [1,2]). Unlike most piezoelectric ceramics,
such as PZT, whose planar coupling factor (kp) is in excess of 0.50, some of the
modified lead titanates show vanishingly small planar coupling factor at room
temperature [1-3] . However, the thickness coupling factor (k,) for both types of
materials is approximately 0.50. Among the compositions reported in the literature, the
samarium and calcium modified lead titanates have exceptionally high electromechanical
anisotropy i.e. high kt’kp ratio. The properties of these ceramics have been measured at
room temperature and their potential applications described, however little was discussed
about the poSsible mechanisms responsible for the observed electromechanical
anisotropy [1,2]. The only data on temperature dependence of the clcctromechanical
properties was reported by Xue et al. [3]. This paper is a report on the preliminary
investigations of the temperature behavior of the complex piezoelectric properties of

calcium and samarium modified lead titanate ceramics.

Ceramics with compositions (Pbo.sssmo.lo)(Tio.%M"0.02)03 and
(Pbg.76Cag 24)[(Coy/2W 1/2)0.04 Tig 96103 Were prepared by conventional processing
using mixed oxide powders [2,3]. Sintered ceramics in the form of discs were poled up
to 60 kV/cm at 150 *C in silicon oil for 5 minutes. These poling conditions were
necessary to obtain a saturation of the thickness coupling coefficient to about 0.45 -
0.50, the piezolectric coefficient dy5 to about 55-60 pC/N and the planar coupling

coefficient kp of less then 0.01 at room temperature for both compositions. Therefore,
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the kt/kp was close to 50 at room temperature. The planar coupling coefficient was
calculated from the measured frequencies of the series (f) and the parallel (fp) resonance
of a thin disk using the equation derived by Mason [4]. The thickness coupling
coefficient was calculated from the ratio of the overtone frequency f, to the fundamental
frequency f,of the thickness mode series resonance, fy/f;, using Table 1I in Onoe et
al.'s paper [5]. All impedance measurements were performed using an HP 4192A LF
Impedance Analyzer interfaced with a computer. The piezoelectric d44 coefficient was

measured with a Berlincourt piezo d4, meter.

RESULTS AND DISCUSSION:

Fig.1 and 2 show planar and thickness coupling factors as a function of temperature
for Sm and Ca modified lead titanate ceramics. An interesting behavior was that the
thickness coupling factor remains approximately constant with temperature, while the
planar coupling factor goes through zero near room temperature. It then increases below
and above this temperature reaching a maximum value of approximately 0.04 at the ends
of the investigated temperature range. Similar behavior of kp was reported earlier by Xue

et al. [3] for Sm doped lead titanate ceramics.

One could attempt to explain the observed disappearance of the resonance for the
planar coupling mode by considering the temperature dependence of relevant material
constants. The planar coupling factor is related to the transverse coupling factor k3,
which in turn is related to piezoelectric constant dy,, elastic compliance sE“ and

dielectric permittivity £T33 as given by the relation [6]:
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:'.Ej: where oF is the Poisson's ratio. ky; and dy; could be calculated using a sample in the
Z:-';: shape of a thin rectangular bar with the direction of polarization perpendicular to its
Y
p length. The admittance of such a sample near the fundamental harmonic for the
N
‘_:'E; lengthwise vibration is given by [6]:
b
_.:‘-'.
':::: 2 2
o Y o= Ty - =) = tan — (psF | )"? (2)
e t S (esE) st
°
e
-
A
Z-‘_:f . where parameters in Eq. (2) have the usual meaning [6]. From Egs. (1) and (2) it is
F
seen immidiately that the disappearance of the resonance and the associated coupling
"-‘-_‘1
2N factor k., at a certain temperature is possibly due to a zero value of the piezolectric
NN 3 pe y p
o
z'_{:: constant dy; . Such a possibility could be realized by a change of the sign of d5; or by
D) d+; going through zero as its extremum point. To measure the material coefficients in
- 3 P
ENT
::fn:: the Eqgs.(1) and (2) as functions of temperature, an iterative method described by Smits
s,
‘.':.-‘.: [7] was used. This iterative method enables us to measure the values of the complex
LN
:’, material constants $11» €33, and dy, defined as m = m’' - jm", by using the Eq. (2)
::, and the values of the admittance Y = G + jB at three frequencies near the resonance.
\
) )
s
L.x
®
; ‘-4.2‘
:fu:f. A plot of susceptance B vs. conductance G of the transverse mode resonance of a
N rectangular bar at a temperature close to where kp = 0 is shown ir Fig.3 for Sm
9 modified lead titanate. Experimental data are represented by full circles. Assuming all
f n,"
:-f. matertial coefficients to be complex, the theoretical fit to the experimental data, as in
A\
: ::-'
\ ,_.,:
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curve (a) in Fig.3, was obtained by Smits' iterative method. Curve (b) in Fig.3 is
obtained by taking the imaginary part of d5; equal to zero and using real part for 13, and
complex values for s,, and €45 obtained by the iterative method. From the figure, it is
clear that the imaginary part of the piezoelectric constant is necessary for a good fit to the
data, especially at temperatures where kp becomes very small. The analysis was
performed to exemplify the effect of imaginary part of dy; on the resonance spectrum.
The iterative method allows us to calculate only the product d'3;d"y, and the difference
d'312 - d"312 from which we evaluate the real and imaginary components of dy,
without getting their signs independently. However, as is seen on Fig.4, the product
d';,d"y; changes its sign indicating that either reél or imaginary part of d4; changed
sign. Analysis of our data, as explained below, suggests that it is more likely to be the
real component of dy,. Fig.5 shows that the ratio |[d"4,/d'5;| increases rapidly as the
temperature of zero lﬁ, is approached. This means that d'y, approaches zero at least as
fast as d"y; i.e. if "y, assumes a value of zero and changes its sign, then d'y, sho_uld
be zefo, too. However, according to Eq. (2), if both real and imaginary components of
d;; are equal to zero, a linear relationship in G vs. frequency is expected. Fig.6 shows
plots of conductance G vs. frequency in the temperature range of 60 "C to 80 'C where
k,, goes through zero. From the figure, it is clear that the signal at the resonance
frequency never disappears completely. Moreover, the conductance vs. frequency curve
observed at 70 "C, where it was difficult to perform a fit due to scattering in data,
implies that d"y,#0 and d'y;=0. Therefore, it follows from the above considerations

that the real component of dj, is the one that passes through zero and changes sign,

somewhere between 65 "C and 75 "C, while the imaginary component d"y; remains

nonzero throughout the investigated temperature range.

Finally, Fig.7 shows the temperature dependance of d'y, and d"y; with <igns
choosen according to analyses above. No anomalies were observed in the temperature

behavior of complex €39 and s, but their imaginary parts arc necessary to obtain a good
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S fit to the resonance data. ‘
e |
& |
(..v The probable change of the sign of d3; and the simultaneous presence of the
"' substantial imaginary component of the complex piezoelectric coefficient together with
i. elastic and dielectric losses in these materials, suggest extrinsic contributions to the
;. X apparent dy; piezoelectric coefficient. Such contributions, if different in sign, could
I'r_: cancel each other giving zero dy, or change its sign with temperature. While the origins
‘.E‘ of the dielectric and elastic losses in the piezoelectric ceramics are well understood, more
*: studies on possible mechanisms of the piezoelectric relaxation have been done only
_\. recently. It has been shown [8 - 15] that any defects in a piezoelectric material that are
'53 responsive both to the elastic and electric fields (such as certain point defects, 90"
.3 domains, second phase in the piezoelectric polymer materials etc.) are a source of
*é piezoelectric relaxation through the coupling of the elastic and dielectric losses.
:ﬂ Consenuently, it is possible to define the complex material coefficients m* [8]:
.
.

. - 1 ] »
Sy =87+ A8y, - s,
[ ]

€ 33 =eTyy + A2’y - ey, (3

‘ ( "
d 5 = d7y; + ad’y; - |d"y,

A e '}

el

-
~
2

.;:
': where m*™ represents the value of a coefficient at frequencies far above the relaxation
: frequency and Am'-jm" is the relaxational contribution of the defects. Using the
" requirement that the power dissipation in a passive material must be positive, Holland {9]
.; has shown that imaginary parts of diagonal elements of elastic compliance and dielectric
;: permittivity matrices must be positive .There are no similar constraints on the sign of the
; imaginary part of the piezoelectric coefficients. However, certain relationships, such as
, s"11€"33 2 d"312, must be satisfied. Therefore, an ideal (a loss frce) diclectric or
;: elastic material will also be ideal in its piezoelectric properties. Using symmetry
; arguments, Nowick and Heller [10] have derived certain selection rules showing that
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ey some but not all the piezoelectric coefficients can undergo the piezoelectric relaxation,
W
N depending both on the symmetry of defects and the symmetry of crystal. Furthermore,
.. X 4 . . . . . .
Aty Arlt and Dederichs [11] have investigated the domain wall contribution to the dy, in
s ferroelectric ceramics assuming no other coupled elastic and electric mechanisms. For

o

"q.,‘l

the perovskite type ceramics, they have shown this contribution to d; to be negative. In
some cases the piezoelectric relaxation can be described by a simple Debye type
relaxation. Examples of this type of relaxation in a piezoelectric coefficient are found in
AgNa(NO,) due to relaxational motion of NO,™ molecules [12], in the epoxy-PZT

composite due to d.c. conductivity in the epoxy phase [13], in the ferroelectric ceramics

T o~
P S Q&‘.

:;Z due to 90° domain wall motion [11] etc. In the multiphase materials, such as
o
Y
:f polymers, the mechanisms of the piezoelectric relaxation are , in general, much more
%‘
N complex [12,14).
°
-~
~
-‘l‘
::;3 Considering the discussion above, it is clear that the existence of the imaginary
._’_:
component of the piezoelectric coefficient indicates the presence of extrinsic
| \ contributions to the piezoelectricity in these materials, regardless of the actual
! :-“' ’
jﬁ‘, mechanisms involved. Knowing that in the perovskite ferroelectric ceramics the intrinsic
e
=
Poq d4, is considered to be negative, the hypothesis of a change of sign of dy; with
= temperature due to a positive contribution, is particularly attractive. A possibility of a
) ~i
h'_\-j change of sign of piezoelectric coefficient with temperature has been demonstrated in
.N‘ . - . . .
! .'\ organic materials [15] and single crystals such as AgNa(NO,) [12]. However, it is
:fif unknown to us that such piezoelectric behavior has ever been observed in ceramics or
o oxide single crystals. To resolve this question in the case of the materials investigated in
. this study it would be sufficient to determine the sign of d4, directly, for example by
_:.:'- strain vs. electric field measurements, at two temperatures, above and below the
temperature where resonance disappears. It should be mentioned here that Xue et al.
. attempted to measure a change of sign of d4; for Sm-modified lead titanate [3]. No
I"‘. 3 . . . 3 .
s change in sign was observed in the limited temperature range were kp was small . This
]
J .
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[} 'n"
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MY could be explained by the fact that the measurements were performed at about 10 Hz of
t
0. A .

,.'. the applied electric field , which was far below the frequency of planar mode resonance
o at approximately 100 kHz . As we have shown above, modified lead titanate ceramics
j: investigated in this study have significant piezoelectric imaginary component indicating
:j’.:: possible piezoelectric relaxation, in which case low frequency properties could be very
R

L . . s
;,“-) different from those at higher frequencies.
b
Ry
: } We point out that although our data strongly suggests that the apparent dj,
1

r measured at the resonance frequency changed its sign with temperature, it is necessary
'ﬁ»" : to perform additional experiments for a full interpretation of the observed phenomena

I\ ,

\ ’

A .The mechanisms which lead to piezoelectric relaxation in ceramics are in general poorly
AP

. understood . With more knowledge, it could be that alternative explanations will become
i .
- possible.
ey

"x"
, AY

>

In summary, the existence of significant piezoelectric imaginary component in

modified lead titanate ceramics was shown, indicating extrinsic contributions to the

L
RIS
A

4
-‘_:‘.'

piezoelectric dy; coefficient. Disappearance of the resonance for the planar coupling

Y

mode is attributed to a probable change in sign of the piezoelectric d4, coefTicient.
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N ' Fig. 1. Planar and thickness coupling factors for Sm-modified lead titanate as a

' function of temperature.

Fig. 2. Planar and thickness coupling factors for Ca-modified lead titanate as a

‘
Bl
(_ function of temperature.
2
s
| :\.: Fig. 3. Susceptance,B, vs. conductance , G, loop for Sm-modified lead titanate at 90
*C. Dots represent experimental points. Curve (a) : theoretical fit using Smits’
1Y
y method. Curve (b):theoretical fit assuming d"5,=0.
)
o
i
( Fig. 4. d'y,d";; product obtained by the iterative method showing that either d'5, or
10
0 : d"y;, but not both, changes sign at the temperature of minimum kg for
e Sm-modified lead titanate.
1
\.-_:.
e Fig.5. d"y,/d'3; ratio for Sm-modified lead titanate as a function of temperature
2
L
2. Fig. 6. Plots of conductance G vs. frequency near the temperature where k, goes
'.:J
~ through minimum for Sm-modified lead titanate. Dots are experimental points
N
oo and solid line is a fit to data. Scattering in the data is due to the resolution of the
PR
% Impedance Analyzer.
.! -(':
o)
‘ N
; :ﬂ Fig.7. Real and imaginary components of the piezoelectric dy, coefficient as a
9 function of temperature for Sm-modified lead titanate.
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ELECTROMECHANICAL ANISOTROPY IN MODIFIED LEAD TITANATE CERAMICS

D.Damjanovic, T.R.Gururaja, S.J).Jang and L.E.Cross

Materials Research Laboratory
The Pennsyivania State University
University Park, PA 16802

ABSTRACT

Lead tlitanate ceramics modified by Sm and Ca were
investigated as malerials with exceptionally large
electromechanical coupling anisotropy. Both ceramic materials
exhibited a minimum of the planar coupling coelficient at certain
temperatures whereas the thickness coupling coefficient was
essentially a constant over the investigated temperature range.
The dielectric, piezoelectric and elastic constants related to the
planar coupling mode were all considered to be complex in order to
correclly describe the behavior ol the ceramics near the
resonance. The minimum of the planar coupling coetficient is
attributed 1o a probabie change in sign of the d,, piezoelectric
coetficient with lemperature.

1. INTRODUCTION

The conventional piezoelectric ceramics, such as PZT ,with
large electromechamcal coupling coefficients are desired in many
piezoelectric appiications. In some cases, howaver, materials
with more directional piezoelectric properties are prefarred. In
materials for ultrasonic transducer arrays, for example, it is
essential o supress the coupling of the thickness to lateral modes,
1.8. a smail d,,and a large d,, are desired. Similarly, when a large
hydrostatc pwezoelectric coefficient, dy= oy + 2d.“. is required,
it 1S again necessary t0 have a large piezoalecinc anisotropy
(large 0y,/0,,) since the coefficients dy,and d,, are oppPosite in
sign (dyy > 2) dy, < 0). Recently, load] titanate based ceramics
have been reported with unusually large ratio of the thickngss,
kT. 10 the planar kp, coupling coetficients, and consequently a
large ratio dy;/d4,[1,2]. The measurements of the
slectromechancal properties of samarium modified lead titanate
showed this ratio to be tlemperature dependent with kp becoming
zero at certain tamperatures [3]. As a possible reason for the
high anisotropy in piezoelectric coefficiants, the crystal lattice
anisotropy [1), and the 90" domain rotation {2] were suggested.
No extensive studies on this subject, however, have been yet
reported. it was the objective of this work 10 investigate the
electromechanical properties of Ca and Sm modified PbTiO,
ceramics and possibly understand the mechanisms responsible for
the anisotropic behavior. It is hoped that a better understanding of
the elecromechanical anisotropy in the modified lead titanates
would provide us with methods of developing other materials with
similar properties.

2. MATERIAL PREPARATION AND MEASUREMENTS

Two compositions of the modified lead titanate ceramic were
selected for this study, namely (Pb, 3sSm, , )mo.osM"o_oﬂ)oa
and (Pby 5,Cag 2)1(CO, s W) 5)g 5,0 36105 Both Eomposiions
rave a tetragonal symmetry with the latlice parameters a =
3902 A, c = 4072 A and a = 3.896 A ¢ = 4.041 A,

1986.

‘-"‘.‘:.’l:}-’:.’:}-,.. .‘.‘F-g'f‘:f'c'
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rgspectively. The ceramics were prepared by the conventional
way from mixed oxide process. The samarium modified
composition was calcined at 850 - 900 "C for 6 hours and then
pressed disks were fired at 1230 "C for 3 hours. The calicium
modified caramics were calcined at 900 "C for 2 hours and
sintered at 1130 °C for approximately 7 hours. The density of
the lired ceramics was around 95 % of the theorgtical
Electroded ceramics were poled with an electric fieid up 10 60
kV/em at 150 "C in silicon oil for 5 minutes. These poling
conditions were necessary to obtain a saturation of the thickness
coupling coetficient ke to 45 - 50 %. the piezoelectric coefficient
d;; to about 60 pC/J and the planar coupling coetiicient kp ot
less than 1 %. Thus, the ratio ky/kp was close to 50 at room
temperature (Fig. 1). These poled ceramics in the form of thin
disks or long thin bars were then ysed for measurements of the
dielectric, elastic and piezoelectric properties of the matenals.
kp was calculated from the measured frequencies of the series
and parallel resonance frequency of a thin disk using the equation
darived by Mason [4]. ky was caiculated from the ratio of the
overtone frequency t, 1o the fundamental frequency f, of the
thickness mode series resonance. f,1,, using Table Il in Onoe et
al.'s paper [S§]. The compiex dielectric permittivity ty4. the
elastic compliance s,, and the piezoelectric coetficient @ | atthe
resonant frequency ol‘ the length extensional mode for a bar were
calculated using Smils' methad (6]. Vector impedance
measurments for the above caiculatons were performed on an HF
4192A LF impedance Analyzer interfaced with a computer.

0.s T T T T T 7T Q023
Ky
L
- K’ ﬂ
Ky 025F X,
L 4
F -y

&SJOOO

0O 10 20 30 40 50 60 7O
Poling field (kV/cm)

Fig. 1. Thickness, ky, and planar kp, coupling coefficients as
functions of poling field for Sm modified lead titanate.
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3. RESULTS AND DISCUSSION

The electromechanical coupling coefficients of the samarium
and caicium modified lead titanates as a function ot poling field
exhibit an unusual behavior. The planar coupling factor increases
initially and then decreases to a very small value with poling field
above 50 kV/cm. Howevaer, the thickness coupling coefficient
increases to approximately 50 % (Fig.1). As a possibie
explanation for the anisotropy, Yamashita et al. (2.7} suggested
such behavior in calcium modified lead titanate 1 be caused by the
reorentation of 90° domains. indeed, they showed that a
substantial increase in dimensions (up to 0.3 %) of ceramic
samples occured as they were poled indicating 90° domain
switching. The large stress that accompanies 90° domain
switching was considered as a possible reason for the large
anisotropy in coupling factors and the small value of the
mechanical factor Q, at poling fields at which kp became
vanishingly small. They also observed that specimens with lower
resistivity showed a smaller pianar coupling coefficient. Xue et al.
showed, however, the kp 1o be a strong function of temperature
for samarium modified lead titanate [3], becoming zero only at
certain temperatures

Fig. (2) and (3) show the thickness and planar coupling
coefficients for matarials investigated in this study as a function
of temperature. Both materials exhibited a minimum in their
planar coupling coefficient, reaching —4 % at the ends of the
investigated temperature range while their thickness coupling
coefficients remained approximately constant over the
investigated temperatures. Describing the conversion of electric
into elastic energy, and vice versa, the electromechanical
coupling coefficients are always defined as positive values.
Piezoelactric coefficiants in genaeral , howaver, may be either
positive or negative. From the definition of the planar coupling
coefficient [8]:

gy 2 12 2 12
v () T

(where o is Poisson's ratio ) it is, therefore, seen immediately
that resonance can disappear it d,, becomes zero , either by
changing its sign or by going through zero as an extremum point.
For the measuremaent of material coefficients in £q.(1) we have
used the method described by Smits[6). This method allows us to
calculate the complex material coefficients s, |, dy,, ¢y, (i.e. the
real parts and their losses) at the resonant frequency of the
length extensional coupling mode of a bar. The method consists of
measuring the admittance Y = G + jB at three frequencies near the
resonance and caiculating, in an iterative way, the material
coefficients defined as m = m’ -jm", using the Equation (2) [8]:

oWl 4,2 ' wdy,? o g2
Y oe iy e T, 27 P )
t $ (p$y7) "8y, "t

{2)

which describes the rgsonant behavior of a bar (The notations have
their usual meanings). These experiments demonstrated that
imaginary components of all three material coefficients are
necessary for a good fit to the resonance data, especially at
temperatures where planar coupling mode becomes small (Fig. 4.).
Furthermore, our data show that even when the rasonant signal of
admittance Y seems to disappear completely, a weak signal in the
conductance G was still observed [9]. Our analysis [9] led to the
conclusion that the real part of d, changed its sign near the
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Fig.2. Planar and thickness coupling coefficients as functions of
temperature for Ca modified lead titanate.
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Fig. 3. Planar and thickness coupling coefficients as functions of
temperature for Sm modified lead titanate.

temperature where kp became smali but its imaginary component
remained nonzero (Fig. 5.). No anomalies wera apparent in the
behavior of the complex elastic and dielectric coefficients.
Howaever, their imaginary components are necessary for a good fit
to the data. The mechanical quality Q,,, was calculated as the ratio
8,,78)," (=tn/2a1) [6] of the real and imaginary parts of
elastic compliance. Figure 6 shows that the mechanical quality of
the samarium modified lead titanate ceramics remained high over
the investigated temperatures suggesting that a small kp is not
necessarily accompanied by a decrease in the mechanical quality.

The presence of a significant imaginary component of the
piezoelectric coefficient in these modified lead titanates suggests
possible piezoelectric relaxation mechanisms which could lead to
several contributions to the apparent dy;- Such contributions, if
different in sign could cancel each other giving zero d,, or change
its sign with temperature [9,10]. Our experience shows that the
temperature where kp goes through a minimum depends strongly on
the poling conditions, the sintering schedule and other processing
parameters. Not all of the samples showed the disappearance of the
planar coupling mode at investigated temperatures (generally, -180
‘C to +150 °'C). All samples, however, showed a large
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21073
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8 (1 /0hm)
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450 555 660 768x1077
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Fig. 4. Susceptance, B, vs. conductance, G, loop for Sm modified
lead titanate, at 90 "C; dots represent experimental points.
a) Theorstical fit assuming a nonzero da4" (Smit's method).

b) Theoretical fit assuming daq"=0.
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Fig. 5 Real, d,,’. and imaginary, ds,". piezoelectric
coefficients as functions of temperature f3r Sm modified lead
titanate. :

electromechanical anisotropy, i.¢. a large ky/Xp ratio. This suggests
that there are probably two mechanisms responsible for the
electromechanical anisotropy in these materiais: one mechanism,
possibly related to tetragonality, is responsible for the high
piezoelectric anisotropy observed in these lead titanate based
ceramics. The other mechanism, strongly dependent on processing
conditions, seems o be responsibie for the temperature dependence
of kp and the change of sign of d,,. This latter mechanism could be
related o a piezoelectric relaxation through some kind of defects
present in these ceramics (10].

it has been proposed that ceramics with high coercive fields,
such as modified lead titanates, crack under high poling fieids. Such
cracks, if oriented parailel to the poling direction, could cause a large
difference in the behavior of d,, and d,, . Measurements are being
performed similar to those described above taking poling field as a
parameter. Even at 10 kV/cm of applied field we have observed a
minimum in the planar coupling coefficient and the disappearance of
the resonance signal at low temperatures, appearing again as
temperature was further decreased. Assuming that poling field of 10
kV/cm was not sufficient to produce microcracks in a sample, this
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Fig. 6. Mechanical quality Qp, as a function of temperature for
Sm modified lead titanate. :

expariment shows that (although development of cracks with
increased poling field is expected) the cracking of sample by
applying poling field is not essential for the observed temperature
behavior.

4. CONCLUSIONS

Similarities in the elecromechanical coupling behavior hetween
Ca and Sm modified lead titanate ceramics were demonstrated.The
temperature behavior of the planar coupling mode is strongly
dependent on poling and processing conditions. A zero pianas coupl!ng
mode at certain temperatures is probably due t a change in the sign
of the piezoelectric coefficient. A large electromechanical
anisotropy was present in all the samples of the compo;iﬁpns_ used
in this study, regardless of processing conditions. This indicates
that more than one mechanism is responsible for the
alectromechanical coupling properties of these materials.
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Anisotropy in Piezoelectric Properties of Modified
- Lead Titanate Ceramics

DRAGAN DAMJANOVIC," TURUVEKERE R. GURURAJA," and LESLIE E. CROSS'
Pennsylvania State University, Materials Rescarch Lab, University Park, PA 16802

Lead titanate ceramics modified with samarium and cal-
cium exhibit large anisotropy in electromechanical cou-
pling factors. The planar coupling factor in these mate-
rials shows a strong temperature dependence passing
through a minimum near room temperature, whereas the
thickness coupling factor remains practically constant. To
explain this behavior, the matenal coefficients d;,, sf,
and ¢]; characteristic for the planar coupling mode were
investigated as a function of temperature (—180° to 100°C)
for samples poled at different electric fields (10 to 90 kV/
cm). All material coefficients must be considered as com-
plex quantities to describe the piezoelectric resonance in
these ceramics. A minimum in the planar coupling factor
is explained by a change of sign of the piezoelectric coef-
ficient, d,,. The temperature at which the planar coupling
factor passes through a2 minimum depends on the proc-
essing conditions and poling field. Possible mechanisms
to account for the observed behavior are discussed.

Convemional piezoelectric ceramics, such as lead zirconate
titanate (PZT), with large electromechanical coupling coeffi-
cients are desired in many piezoelectric applications. In some
cases, however, materials with more directional piezoelectric
properties are preferred. In materials for ultrasonic transducer
arrays, for example, it is essential to suppress the coupling of
the thickness to lateral modes, i.c. a small d,, and a large d;,
are desired. Similarly, when a large hydrostatic piezoelectric
coefficient, d,=d,,+ 2d,,, is required, it is again necessary to
have a large piezoelectric anisotropy (large d,,/d,). since the
coefficients d,, and d,, are opposite in sign (d,,>0, d,, <0).
Recently, lead titanate (PbTiO,) ceramics modified by al-
kaline and rare earths have been reported to exhibit unusually
large anisotropy in piezoelectric properties.'? A zero planar cou-
pling factor, k,, has been observed in calcium and samarium-
modified lead titanate ceramics.’* At the same time, the thick-
ness coupling factor, k, is comparable to that of PZT ceramics.
High frequency (7.5 MHz) linear array transducers fabricated

"Member. the American Ceramic Society
*4274A, Hewlett-Packard Co., Palo Allo, CA.
‘CPDT 3300 Berlincount d,, meter, Channel Products, Inc.. Chagnn Falls, OH.

Received January 16, 1987, approved February S, 1987.
Supported by the North Amernican Philips Labs.

using these modified lead titanate ceramics for ultrasonic di-
agnostic imaging and NDE applications have much better res-
olution than their PZT counterparts.’*

It is the objective of the present work to investigate in detail
the electromechanical properties of Ca- and Sm-modified PbTiO,
ceramics and possibly understand the mechanisms responsible
for the anisotropic behavior. Xue er al.* have examined the
temperature behavior of the coupling factors for Sm-modified
PbTiO,. They have found that, with proper processing, practi-
cally zero k, can be achieved near room temperature; k,, how-
ever, remains approximately constant at 0.45 with temperature.
As a possible reason for the large anisotropy in coupling factors,
the crystal lattice anisotropy,’ and the 90° domain rotation? were
suggested. No extensive study on this subject, however, has yet
been reported. It is hoped that a better understanding of the
electromechanical anisotropy in the modified lead titanates would
provide us with methods of developing other materials with
similar properties.

Material Preparation

Two compositions of the modified lead titanate ceramic were
selected for this study, namely (Pbg ¢sSmy oX(Tis Mng;)O, and
(Pby,+,Cay;)[(C0,/2W ,1)00¢Tias1]O;. Both compositions have a
tetragonal symmetry with the lattice parameters a=0.3902,
¢=0.4072 nm and a=0.3896, ¢=0.4041 nm, respectively. The
ceramics were prepared by the conventional mixed-oxide proc-
ess starting from analytical reagent (AR) grade oxides. The
samarium-modified composition was calcined at 850° t0 900°C
for 6 h and then pressed disks were fired at 1230°C for 3 h.
The calcium-modified ceramics were calcined at 900°C for 2 h
and sintered at 1130°C for a7 h. The density of the fired
ceramics was =95% of the theoretical. The sintered ceramics
were shaped either in the form of thin disks (1.6 cm in diameter
and <1 mm thick) or long thin bars (14 by 1.4 by 0.2 mm’)
and gold electrodes were sputtered on the major faces. Samples
were poled with an electric field up to 90 kV/cm at 150°C in
silicon oil for 5 min.

Measurements

All the measurements were performed on the poled samples
after 24 h of aging. The capacitance and dissipatinn factor was
measured using an LCR bridge® for estimating the diclectric
permittivity. The piezoelectric d;, coefficient was measured with
a d,, meter.' The k, value was calculated from the measured
frequencies of series (f;) and the parallel (f,) resonance of a thin
disk using the equation derived by Mason.” The k, value was
calculated from the ratio of the overtone frequency. f;, to the
fundamental frequency f;, of the thickness mode series reso-
nance, f,/f,, using Table II in the work of Onoe er al.' The
complex dielectric permittivity ef,, the elastic compliance sf;,
and the piezoelectric coefficient d,, were calculated using the
method developed by Smits.® In this method, admittance,
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Fig. 3. Planar coupling factor as a function
of temperature for Sm-modified PbTIO, ce-

cm.

Y=G+iB, is measured at three frequencies near the resonant
frequency of the length extensional mode of a bar, with electric
field perpendicular to its length. Material coefficients sf,, d,,,
and ¢f,, defined as m=m’—im”, arc then calculated in an it-
erative way using Eq. (1):

2
'(p—ff;%;:m%l(ﬂﬁ)”’ )

which describes the resonant behavior of a bar. In Eq. (1), /, ¢,
and w are the length, thickness, and width of the bar, respec-
tively, and p its density. The w is the angular frequency. Vector
impedance measurements for these calculations were performed
using an LF impedance analyzer® interfaced with a computer.

Results and Discussion

The relative dielectric permittivities of both Sm- and Ca-
modified PbTiO, ceramics were in the range 180 to 190 and
the dielectric loss tangent was always <<1% at room tempera-
ture. The electromechanical coupling factors of the Sm-modi-
fied PbTiO, at room temperature as a function of poling field
are shown in Fig. 1. It is seen that k, saturates at high poling

. wwl

Yoi 5= By

4192, Hewlett-Packard Co.. Palo Alto, CA.

ramics poled at 60 kv/cm.

fields whereas k, first increases and then decreases, resulting in
a k,/k, ratio of ==50 at a poling field of 70 kV/cm. A similar
behavior was observed in Ca-modified PbTiO, ceramics.

Figures 2 and 3 show &, and &, as a function of temperature
for Ca- and Sm-modified PbTiO,, respectively. In both mate-
rials, k, goes through zero near room temperature. It then in-
creases gradually below and above this temperature, reaching
a maximum value of =0.04 at the end of the investigated tem-
perature range. The value k,, however, remained approximately
constant over the investigated temperature range.'

We could attempt to explain the observed disappearance of
the resonance for the planar coupling mode by considering the
temperature dependence of relevant material constants. The k,
is related to the transverse coupling factor k,,, which in turn is
related to material constants d,,, sfi, and ¢f; as given by the Eq.
(2):

- 2 ln-. d)\
k’ kll( l _") (‘f] ‘{l
where of is the Poisson’s ratio. The electromechanical coupling
factors, describing the conversion of electric energy into elastic
energy or vice versa, are always defined as positive values. Pie-
zoelectric d constants, however, may be either positive or neg-
ative. It is, therefore, seen that the disappearance of k, at a
certain temperature is possible if d,, becomes zero, either by
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ficient, 5, 88 a function of temperature for

»% Tomperature (*C) Ca-modified PHTIO, ceramics poled at 60 kV/
cm.

Fig. 8. Real part of the piezoslectric coef-

3 34 ficient, &,. at different poling fieids as a func-

fina tion of temperature for Sm-modified PbTIO,

Fig. 7. Plots of con- Ceramics.

ductance G vs frequen-
Cy near the temperature

fied iead titanate, poled
at 90 kv/em.

dependence of k,. The data and the discussion presented below
show that, for an accurate description of the electromechanical
behavior of modified PbTiO, ceramics. all material constants
relevant for the planar coupling mode must be treated as com-
plex.

A plot of susceptance B versus conductance G of the trans-
verse mode resonance of a rectangular bar at a temperature
close to where k,~0 is shown in Fig. 4 for Sm-modified lead
titanate poled at 90 kV/cm. Experimental data are represented
in full circles. Assuming all material coefficients to be complex,
the theoretical fit to the experimental data, as in curve (a) in
Fig. 4, was obtained by the Smits’ iterative method. Curve (b)
in Fig. 4 is obtained by taking the imaginary part of d,, equal
1o zero and using the real part for d;, and complex values for
sf, and ¢], obtained by the iterative method. From Fig. 4 it is
clear that the imaginary part of the piezoelectric constant is
necessary for a good fit to the data, especially at temperatures
where k, becomes very small. The analysis was performed to
exemplify the effect of the imaginary part of d,, on the reso-
nance spectrum. The iterative method allows us to calculate
only the product d),d5; and the difference (d),)*—(d})* from
which we evaluate the real and imaginary components of d,,,
without obtaining their signs independently. However, as is seen
in Fig. S, the product d)d}, changes its sign, indicating that
either real or imaginary part of d,, changed sign. Analysis of
our data, as explained below, suggests that it is more likely to
be the real component of d,,. Figure 6 shows that the ratio
\dy,/d;\ increases rapidly as the temperature of zero k, is ap-
proached. This result means that d;, approaches zero at least
as fast as 4}, i.c. il d}; assumes & value of zero and changes
its sign, then d;, should be zero, too. However, according to Eg.
(1), if both real and imaginary components of d,, are equal to
zero, a linear relation in G versus frequency is expected. Figure
7 shows the plots of conductance G versus frequency in the
temperature range from 25° to 35°C, where k, goes through
zero for samples poled at 90 kV/cm. The conductance plots
were obtained using an impedance/gain-phase analyzer.! From

never disappears completely. Moreover, the conductance versus
frequency curve observed at 30°C implies that 43, # 0 and
d;, == 0. Therefore, it follows from these considerations that the
real component of d,, is the one that passes through zero and
changes sign, somewhere between 28° and 32°C, whereas the
imaginary component d}, remains nonzero throughout the in-
vestigated temperature range.

The real part of d,, for Sm-modified lead titanate poled at
electric fields varying from 10 to 90 kV/cm is plotied as a
function of temperaturein Fig. 8. As discussed, d;, passes through
zero by changing its sign. The temperature corresponding to
the zero value of dj, depends on the poling field, increasing from

~ =30° to +30°C as the poling field is increased from 30 to 90

kV/cm. For samples poled at 10 kV/cm, d;, remains positive
throughout the temperature range investigated. For Ca-modified
PbTiO, ceramics, measurements were performed only on sam-
ples poled at 60 kV/cm. A temperature dependence of d;, (Fig.
9) similar to that exhibited by the Sm-modified PbTiO; was
observed. It is expected that the dependence of 4, on the poling
field will also be similar to that observed for Sm-modified PbTiO,.

Examples of the temperature dependence of imaginary com-
ponents of dy,, sf, and ¢f; are given in Figs. 10, 11, and 12,
respectively, for Sm-modified PbTiO, poled at 30 kV/cm. All

(210™%)

c/n)
L

. 1

- -

L
Temperoture (°C)

Fig. 10. Imaginary part of the piezoelectnc

coefficient, d;.. as a function of temperature

for Sm-modified PbTiO, ceramics poled at

Fig. 7, it is clear that the signal at the resonance frequency 30 kv/cm.
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three imaginary coefficients show a similar temperature behav-
ior, exhibiting 2 minimum in the temperature range of —50°*
to —100°C.

From this, we conclude that the zero value of k, in modified
lead titanate ceramics is caused by the change of sign of dj,
with temperature. Furthermore, from the plot of dj, versus pol-
ing field at 20°C, as in Fig. 13, it is seen that the real part of
d,, first increases, then decreases with poling field, passes through
zero at a80kV/cm, and becomes negative near 90 kV/cm.
Thus, dependence of k, on poling field at room temperature, as
shown in Fig. 1, is a result of the shift in the zero crossover
point of dj, with poling field. It is interesting to note that such
a distinct anamalous behavior in k, versus poling field cannot
be observed at temperatures far from room temperature (Fig.
8).

The existence of appreciable imaginary components of the
material coefficients and their similar temperature behavior (Figs.
10, 11, and 12) suggests the presence of common extrinsic con-
tributions to the dielectric permittivity, elastic compliance, and
piezoelectric coefficient.!! In such a case, it is possible to express
material coefficients in the following form:

5, =5, 2+ A5, —is])

d, =d,=+4d;, —id;,

€3 ™ ey, + A6y, —iey) 3)
where m™ represents the value of a coefficient at frequencies
far above the relaxation frequencies and Am’—im” is due to
the relaxational extrinsic contributions."

In the case of ceramic materials, the m* terms in Eq. (3) are
average values of the coefficients, dependent on the level of
polarization and the corresponding single-crystai values.'? Like
BaTiO,, lead titanate is a perovskite-type ferroelectric belonging
to the tetragonal 4mm point group. However, unlike BaTiO,,
lead titanate does not undergo low temperature phase transi-
tions. This behavior is possibly the reason the dielectric per-
mittivity in lead titanate exhibits a low anisotropy as opposed
to the high anisotropy in dielectric permittivity of BaTiO,."?
Turik er al.'’ have shown by averaging the single-crystal prop-
erties that, in modified lead titanate ceramics, lack of anisotropy
in dielectric permittivity results in a large anisotropy of the
intrinsic piezoelectric coefficients, with a small value of &,, and
a relatively large d,,.

[t was demonstrated in this report that in modified lead ti-
tanate ccramics there are extrinsic contributions to the material
coefficients. [t is then possible that at certain temperatures such
contnbutions to d,,, if different in sign from the intrinsic d7; of
the ceramic, cancel with the small value of dft, giving an ap-

-5 ] 0 100

-as 1 L 1 11 ) A B ]
Tempersture (°C} %3 10 20 30 0 30 €0 70 80 %0 ¢

Poling lieid (Rv/cm)

Fig. 12. Imaginary part of the reiative di-
electric permittivity, c33/co, 28 & function of Fig. 13. Real part of the piezosiectric coef-
temperature for Sm-modified PBTiO, ce- ficient, &%,. as a function of poling field at
ramics poled at 30 kV/cm.

20°C for Sm.modified PbTiO, ceramics.

parent dj, of zero. When the extrinsic contributions are larger
than the intrinsic value of 4%, a change in the sign of dj, is
observed. Such a possibility has been demonstrated in piezo-
electric polymers'* and single crystals.'®

Only a few studies on piezoelectric relaxation have been done
so far in ceramic materials.'s'’ Arlt et al.'* have shown that one
such relaxational contribution to the piezoelectric coefficients
in PZT ceramics is caused by 90° domain wall motion. The
temperature dependence of the imaginary components of the
material coefficients, as shown in Figs. 10, 11, and 12, suggests
that there are at least two different relaxational mechanisms
operating in the modified lead titanate ceramics examined in
this study, one mechanism dominant at lower temperatures and
the other at higher temperatures. The high-temperature mech-
anism is apparently responsible for the sign change of dj,, since
dy, chariges its sign as the contribution of this high-temperature
mechanism becomes larger.

Following this approach it is possible to qualitatively explain
the dependence of the piezoelectric coefficient dj, on the poling
field in modified lead titanate ceramics. When the poling field
is low, the average intrinsic 4% for the ceramics is small com-
pared to extrinsic contributions, Ad},, and the apparent 4, changes
its sign at lower temperatures. As the poling field is increased,
d3 becomes large compared to the extrinsic part, Adj,, and the
apparent d;, changes sign at higher temperatures. At 10 kV/
cm, the average 4} for the ceramics is small compared to the
extrinsic contributions over the whole temperature range in-
vestigated and the apparent 45, remains the same in sign.

The choice of sign for 4;, and d7,, is represented in Figs. 8,
9, and 10, is justified in the following way. Intrinsic 43} for
ceramics is assumed to be negative; 47, could become zero and
then positive only if the extrinsic contributions represented by
Ad;, are positive. Moreover, near absolute zero, the extrinsic
contributions to the material coefficients should be frozen-in,
and only the intrinsic contribution to d,, will be present. Since
there is no experimental evidence that, below —180°C, d;, for
the modified lead titanate ceramics investigated in this work
changes sign once again, the only choice for the signs of d}, and
7, are that shown in Figs. 8, 9, and 10. However, it is necessary
to determine the sign of d,, directly, for example by strain versus
field measurements over a wide range of temperature, to confirm
the proposed choice.

Thus, in modified lead titanates, we have observed that the
temperature behavior of the planar coupling coefficient is de-
pendent on poling conditions and processing parameters, such
as the sintering schedule. Some of the samples tested did not
show the disappearance of the planar coupling factor within the
temperature range investigated (generally, — 180° to +150°C).

CRRAMIC BULLETIN, VOL. 68, NO. 4, 1987 (©ACerS)
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All samples, however, showed a large clectromechanical an-

isotropy with a k,/k, ratio of at least 15 at room temperature.

This behavior supports the assumption that there are at least
two mechanisms responsible for the observed behavior in mod-
ified PbTiO, ceramics. The first mechanism is related to the
anisotropy in piezoelectric coefficients, accounted for by the
intrinsic properties of the ceramics such as large tetragonality’
and low anisotropy in the dielectric permittivity.'’ It has been
shown that averaging of single-crystal values in PbTiO, leads
10 a large anisotropy in piezoelectric properties.” The second
mechanism, responsible for the temperature dependence of k,.
may arise from the extrinsic contributions to d,,. the origin of
which is not presently clear. These extrinsic contributions are
common for the three material coefficients, as shown by a similar
temperature behavior of their imaginary components. Possible
extnnsic contributions include: domain wall motion, electronic
and ionic defects, and microstructure-related effects.'® Clearly,
more experiments are required before these extrinsic mecha-
nisms can be identified.

Conclusions

Lead titanate ceramics modified with samarium and calcium
show similar temperature dependencies in coupling factors and
piezoelectric coefficients. The zero value of the planar coupling
factor is caused by a change in sign of the piezoelectric dy
coefficicnt with temperature. Significant imaginary components
of the dielectric permittivity, elastic compliance, and piezoe-
lectric coefficient indicate the presence of extrinsic contribu-
tions to the material coefficients. These extrinsic contributions
seem 10 be responsible for the change in sign of d,,. Another
mechanism, possibly related to the structure of these materials
is belicved 10 be responsible for the high anisotropy in the pie-
zoelectric coefficients.
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Low-temperature dielectric properties of SrTiO; glass-ceramics
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The low-temperature dielectric properties of strontium titanate aluminosilicate glass-ceramics,
in which perovskite SrTiO, is the primary crystalline phase, have been investigated. These
glass-ceramics exhibited dielectric constant peaks at temperatures below 100 K; the magnitude
of these peaks, along with their frequency and temperature dependencies, were strongly
dependent on the crystallization conditions. In heavily crystallized glass-ceramics, two low-
temperature, relaxation-type loss mechanisms were identified, at temperature ranges near 50
and 100 K. The magnitude of the dielectric loss peak increased with increasing frequency for
the lower temperature (50 K) mechanism and the magnitude of the loss peak decreased with
increasing frequency for the higher temperature (100 K) mechanism. Arrhenius activation
energies were calculated to be 0.054 and 0.17 eV for the lower and higher temperature loss
mechanisms, respectively. The higher temperature loss mechanism was further analyzed by the
Cole—~Cole method, and a relaxation strength of 41 was calculated. It was proposed that the
dielectric constant and loss peaks were related to ferroic phenomena occurring in the SrTiO,
phase, caused by interactions of the StTiO, with the glass-ceramic matrix.

i. INTRODUCTION

Glass-ceramics with ferroelectric perovskite phases,
such as BaTi0,;,"? PbTiO,,>* and NaNbO,,* have been in-
vestigated for several dielectric and electro-optic applica-
tions. These materials have interesting dielectric properties,
resulting from the combination of the high-permittivity fer-
roelectric crystallites and the low-permittivity glassy matrix.
The dielectric properties of glass-ceramics based on perovs-
kite SrTiO, have also proven to be quite interesting, especial-
ly at low temperatures, due to the low-temperature ferroic
behavior of SrTi0,.°

Strontium titanate glass-ceramics have been utilized for
several years as cryogenic capacitive temperature sensors.’
Their usefulness is based on a peak in the dielectric constant
at a temperature near 77 K. However, the nature of this
dielectric constant peak has not been clearly defined. Law-
less® attributed the dielectric constant peaks to an antiferroe-
lectric transition in the SrTiO, phase, while Siegwarth® sug-
gested that the peaks were caused by the relaxation of
electret (defect-dipole) states in the SrTiQ,. The above re-
searchers only studied a single glass-ceramic sample (the
capacitance thermometer), and definitive dielectric loss
data were not presented in support of their proposed mecha-
nisms.

The crystallization and dielectric properties of stron-
tium titanate aluminosilicate glass-ceramics, similar to those
used in the above studies, have recently been investigated.®
The crystallization and microstructure of this glass-ceramic
system have been reported, '° along with dielectric properties
of glass-ceramics, given a wide range of crystallization con-
ditions, over the temperature range — 170 to 200 °C and
frequency range 10 kHz-1 MHz."' The purpose of this paper
is to report some interesting low-temperature dielectric data

*' Present address' Baticlle Columbus Laboratonies, 503 King Avenue, Co-
lumbus, Ohio 43201
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obtained on these glass-ceramics. Special attention was giv-
en to the low-temperature dielectric loss behavior and to
gaining a better understanding of possible mechanisms re-
sponsible for the dielectric constant peaks.

Il. GLASS-CERAMIC PREPARATION AND
CHARACTERIZATION

Glass-ceramics were derived from a glass with a no-
minal composition consisting of 65 wt. % SrTiO,, 23 wt. %
SiO,, and 12 wt. % Al,O,. The glass was prepared by melt-
ing in platinum crucibles in air at 1650 °C for 2 h, and anneal-
ing at 760 °C. Chemical analysis of the glass confirmed that
the actual glass composition was close to that which was
batched, and no significant amounts of any impurities were
detected. Samples for crystallization studies and subsequent
dielectric measurements were disks, 9 mm diam and 1 mm
thick. The glass disks were heat treated at 700 °C for 100 h
prior to crystallization to reoxidize any residual Ti** which
formed during melting. Crystallization conditions employed
were isothermal; the glass disks were immersed into a fur-
nace at temperatures between 800 and 1100 °C and removed
after times ranging from 15 min to 64 h.

The exact details of the crystalline phase makeup and
microstructure of these glass-ceramics given the various cry-
stallization treatments were reported in Refs. 9 and 10.
Briefly, perovskite SrTiO, was the primary crystalline phase
of the glass-ceramics, appearing as well-dispersed crystal-
lites. The SrTiO, crystallite size was less than 100 nm in
glass-ceramics crystallized at 1000 °C and below, and slight-
ly less than 1 um in glass-ceramics crystallized at 1100 °C.
Secondary crystalline phases included hexacelsian
SrAl;Si,0,, which occurred in glass-ceramics crystallized at
temperatures of 900 °C and above. At 1100 °C, hexacelsian
SrAl;Si,O, appeared in samples crystallized for the shorter
times, and transformed to the anorthite polymorph with cry-

© 1986 American Institute of Physics 2069
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stallization time; this transformation was complete after 8 h. 25000 —————1— T v

[ ]
Alsoat 1100 °C, anatase TiO, appeared, along with a trace of s 100 KHz ]
rutile. With crystallization times of greater than 4 h, the = 20000f b
titania phase had developed into large acicular crystals of up E . 1
to 80 4m in length. As will be shown later, the presence of the F 1
two matrix ph?s: (hexacelsian and anorthite SrAl,Si,0;,), § 15000 h SeTiO5 SINGLE CRYSTAL j
and the large acicular anatase crystals, were very important :-E, s 1
to the dielectric properties. v 10000F b
w P p
Ill. DIELECTRIC PROPERTIES g 5000 E h
]
A. Procedures . o . ]
Three-terminal dielectric measurements were carried % 50 100 150
out over the temperature range 10-150 K with a Cryosys- 1 — ————r——
tems model CT-310 Cryotran system which included a Lake ! 4
Shore Cryotronics Model DRC-80C temperature con- - | 100 KHz 4
troller. Temperature measurements were made with a sili- Z 5 4
con diode and were accurate to within one Kelvin. Measure- 134k -
ments were made over the frequency range of 10 kHz-1 § I !
-, MHz with a Hewlett-Packard model HP-4275A LCR me- o L 4
:::- ter. Very precise dielectric measurements were made over T L UNCRYSTALLIZED 1
.-,“_: the frequency range of 0.1-10 kHz with a general Radio GR- E 1324 SAR-2-P GLASS .
Y 1621 measurement system, consisting of a model 1316 oscil- e s .

L lator, a model 1238 detector, and a model 1616 lever-arm a "
> capacitance bridge. [ ;

A B. Dielectric constant versus temperature '3% 0 100 150

- . TEMPERATURE (K)

- Data are presented in Fig. 1, comparing the 100-kHz

[ dielectric constant versus temperature of uncrystallized 15 | 10044, dielectric constant vs temperature of single-<rystai S¢TiO,
- glass and single-crystal ScTiO,. These data indicated that and uncrystallized glass.

' the temperature coefficient of uncrystallized glass was posi-

o tive to the lowest temperatures. Conversely, the dielectric
e constant of StTiO, increased dramatically as the tempera-

[~ ture was decreased, reaching a value of > 20000 at 10 K.

S From these data, peaks in the dielectric constant versus tem-
a2 perature would not be expected in a glass-ceramic with a 330

®) large amount of SrTiO,, if the dielectric properties of the i S R
s SrTiO, in the glass-ceramic were similar to single-crystal [ ]

o daus 2 sesf .

e Dielectric constant versus temperature curves for glass- = : ]

b ceramics crystallized at 800 °C for 64 h and at 900 °C for 1 h § ¥ ]

A are compared in Fig. 2. Peaks in the dielectric constant oc- 3 2.0:- "

o curred at about 80 K in these samples. Dielectric constant 2 : p

s peaks at 80 K were also observed in glass-ceramics crystal- &5 f ]

Po- lized at 1000 °C, as shown by plots of dielectric constant %4 . [ 1230
Y versus temperature at frequencies of 10, 100, and 1000kHz 3~ "} B g
. v for glass-ceramics crystallized at 1000 °C for 1 and 16 h, [ ) ] -
e presented in Fig. 3. The magnitude of the dielectric constant siob 800°C, 64 HRS 1228 2
‘_’, peaks increased from about 70 to 85 as the crystallization b b7 O
oA time was increased from 1 to 16 h. A significant dispersion of [ . 1 o
s the dielectric constant was apparent in the vicinity of the [ 1220 b
g dielectnc constant peak. - 177 8
-.:-: The low-temperature dielectric constant peaks observed Y ] ‘Z“
N in Figs. 2 and 3 were not consistent with dielectric mixing. T 218 e
.r This was evidenced by two observations: (1) the tempera- o) 50 100 150%™
N tures of the dielectnic constant peaks were relatively inde- t ° TEMPERATURE (K)

s::: pendent of crystallization temperature; and (2) the slopes of
‘ ‘::. the dielectnc constant versus temperature on the low-tem-  FIG. 2. 100 kHz dielectnc constant vs temperature for glass-ceramics crys-
- perature side of the dielectric constant pesk increased with  tallized at 800 °C for 64 h and 900 °C for | h.
T
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'Y [
L,
:f' 70 = of TiO, and the development of the large acicular ttania
ry b 1000°C, 1HR ) 1 crystals; and (3) the increase of the SrTiQ, crystallite size.
" P i _*1 The dielectric constant at frequencies of 10, 100, and
N z L ) ) 1 1000 kHz are plotted versus temperature for a glass-ceramic
=t ) crystallized for 1 h at 1100 °C in Fig. 4. This sample dis-
A Z e6f - played a broad, frequency-dependent, two-humped dielec-
> e ) tric constant peak over the temperature range 35-55 K. The
( 3 F ] exact shape of the dielectric constant peak was dependent on
A e 64r ) the measurement frequency; generally, the double-peaked
o wo L — 10 KMz ] nature was more apparent for the higher frequency (1
v 2ol £ === 100 KMz W ] MHz). The temperature of the lower temperature portion of
\j_: [ .‘,4' ------ | MHz N\ the double peak was independent of frequency; however, the
! 3] higher temperature portion of the double peak shifted to
« Y] S N S higher temperatures with increasing frequency. It is likely
! \i 0 :O T 100 150 that the double-peaked nature of the dielectric constant ver-
.:j (o) EMPERATURE (K) sus temperature was due to the presence of two matnx
~ L — phases, hexacelsian and anorthite, in glass-ceramics crysul-
:j s 1000%C. 16 HRS ] lized for less than 8 h at 1100 °C. A complete explanation as
[ . )
( = 8sf- - ]
7 < f T ]
Pl [z} S <
N & eor p
v © ot ] 80 r—~——a—r——T—r—""
": =4 : ..'.\ ] )
, £ 75 - '-.).\ j. g 1100°C, | HR ]
O 5
5 o S — 10 KHz A ] L ss h
a5 ¥ .ob --- 100 KHz ) i = 1
0" ::' e | MMz ] g j
e E : C 50 ]
) e A " L A A, A ) 1 e PU -
é % 50 100 150 S ]
(b) TEMPERATURE (K) G — 10KH2 1
": ‘j -== {00 KM 1
:l w 45 w— | M2 -
D FIG. 3. Dielectnc constant at 10, 100, and 1000 kHz vs temperature for & J
:: v glass-ceramics crysiallized at 100C °C for (3) 1 and (b) 16 h. )
' PO WO ST SUUN SR S SE S WY
®) 4020 80 80 10
crystallization temperature (from 800 to 900 and 1000 °C). (0) TEMPERATURE (K)
), This increase of slope occurred over a range of crystalliza-
.. tion temperature in which the amount of SrTiO, was in-
;\._': creasing. If dielectric mixing were responsible for the dielec- 885 —r—r—r—r—————
::I tric constant peaks, the temperatures of the peaks would - 1100°C, IHR |
." have decreased, and the low-temperature slopes of the peaks o Wo.,\ |
5 would not have increased, as the crystallization temperature z / _ “~ ]
o (or amount of SrTiO,) was increased. These data suggest 53.0/ N .
/- that the SrTiO, phase in the glass-ceramic was modified, £ — looKn: . \ 1
v possibly by an interaction with the matrix, so that the dielec- © _/" S~ \\
o tric constant of the SrTiO, peaked with temperature. 2 7/ '\"
. The dielectric behavior of glass-ceramics crystallizedat ¥ ; L . ,.’M\\J._‘N ]
1100 °C was substantially different from that of glass-ceram- ' 5735/ e
o ics crystallized at lower temperatures. The dielectric con- g \. )
T stant versus temperature was very dependent on crystalliza-
v tion time with respect to the shape, magnitude, and ]
o temperature of the dielectric constant peaks. The observed 57.030 et
° effect of crystallization time on the low-temperature dielec- (b) TEMPERATURE (K)

tric constant behavior of these glass-ceramics can be traced

microstructural chan curring in the gl -
tothe ostruct ¢ ges oc g € glass-ceram F1G. 4. Diclectric constant at 10, 100, and 1000 kHz vs temperature for the

ic: (1) the transformation of the major matrix phasF from glass-ceramic crystallized at 1100 °C for | h, over two temperature ranges:
hexacelsian to anorthite SrAl,Si,0,; (2) the crystallization (a) 20-130 K, and (b) 30-60 K.
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to how the two matrix phases could cause the double peaks
would require more of an understanding as to the actual
mechanism responsible for the dielectric constant peaks.
The dielectric constant versus temperature at 10, 100,
and 1000 kHz of the glass-ceramic crystallized at 1100 °C for
16 h appears in Fig. 5. The dielectric constant behavior of
this sample was substantially different from those of glass-
ceramics crystallized for shorter times at 1100 °C. The mag-
nitude of the dielectric constant peak was much larger, the
double-peaked nature was not apparent, and the tempera-
ture of the peak was much higher than in glass-ceramics
crystallized for shorter times. The frequency dependence of
the dielectric constant versus temperature of the 16-h sample
suggests at least two mechanisms responsible for the dielec-
tric constant peaks. At low frequencies (10-40 kHz), a re-
laxauon mechanism was active resulting in a dispessive di-
electnc constant peak at about 100 K. The dispersive nature
of the dielectnic constant peaks suggests anomalies in the
dielectric loss which will be described later. At a frequency

2|Of-v—vv—ﬁrv—vﬁf]1vrr1ll

b r
[ 1100°C, 16 HRS ]
200F ]
E - -
- 1
= - -— 1
wn - - bl N -
Z 190 T ]
O N )
o T ]
= | ]
- 180 -~
st/ /7 :
w r — 1OKHz )
3 WAV ]
170K 4 === 100KHz . Y
:,'..." ...... ' MHI ..‘:
< 3
160 o L 4 a2 a4 e a2 a1 4
o] 60 0 120
(O) TEMPERATURE (K)
205 ~—r—>——v—-r—vp——vr—vr——v—r—r—r—r—r
1100°C, 16 MRS ,/0—°~o\'<° KMz ]
- e 20k N ]
.. ——
3200 ./ - \\. \
@ oL NS
g ° o 40 KMz e *
S o P ot 2N o
= — o \.
g 100 KHz )
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w e te— b )
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>
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189 o adoa o a X S,
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(b) TEMPERATURE (K)

FIG. $ Dielectnc constant at vanous frequencies between 10 and 1000 kHz
va temperature for the glass-ceramic crystallized at 11000 °C for 16 h, over
1wo temperature ranges. {a) J0-130 K, and (b) 80-110 K.
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of I MHz, the dielectric constant peaked at a lower tempera-
ture (85 K), suggesting that the mechanism responsible for
the low-frequency dielectric constant peaks was not as active
at higher frequencies.

C. Dielectric ioss data

The effect of crystallization conditions on the low-tem-
perature dielectric loss is shown by dielectric loss spectra
(plots of dissipation factor at 10, 100, and 1000 kHz versus
temperature) of glass-ceramics crystallized at 800 °C for 64
hand 900 °C for 1 hin Fig. 6. The low-temperature dielectnc
loss levels of the glass-ceramics were larger than those of
uncrystallized glass and generally increased with crystalliza-
tion temperature and time. For uncrystallized glass and
glass-ceramics crystallized below 1000 °C, the dielectnic loss
displayed broad maxima with temperature near 100 K and
increased with frequency (from 10to 1000 kHz). This ather-
mal increase of loss with frequency was observed at higher
temperatures, as described in Refs. 9 and 11.

00030 [
/]

800°C, 64 HRS A,
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F1G. 6. Dusupation factor at 10, 100, and 1000 kHz vs temperature for
glass-ceramucs crysuallized at (a) 800 °C for 64 b and (b) 900°C for | h.
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F1G. 7. Dissipation factor at 10, 100, and 1000 kHz vs temperature for
glass—ceramics crystallized at 1000 *°C for ! and 16 h.

Dielectric loss spectra of glass-ceramics crystallized at
1000 *C for 1 and 16 h appear in Fig. 7. Dielectric losses of
glass-ceramics crystallized at this temperature also in-
creased with frequency; however, two frequency-dependent
loss peaks developed at S0 and 100 K, and were superim-
posed on the athermal loss. The magnitude of the lower tem-
perature (50 K) loss peak increased with crystallization
time between 1 and 16 h at 1000 °C, while the higher tem-
perature (100 K) loss peak remained approximately the
same. The increase of the lower temperature (50 K) loss
peak with crystallization time corresponded to the increased
magnitude of the dielectric constant peak. This suggests that
the mechanism responsible for this loss peak was related to
that of the dielectric constant peak. However, the dielectric
constant peak occurred at a temperature of 80 K, closer to
the range of the higher temperature loss mechanism.

The dielectric loss behavior of glass-ceramics crystal-
lized at 1100 °C was dominated by the two loss peaks, first
observed in glass-ceramics crystallized at lower tempera-
tures. Dielectric loss spectra of glass-ceramics crystallized at
1100 °C for 0.25, 1, 4, and 16 h appear in Fig. 8. The exact
nature of the loss peaks could be determined from these data:

(1) For both sets of dielectric loss peaks, the loss peak
temperature increased with frequency, from about 38 to 52
K and 85 to 110 K, over the frequency range of 10-1000
kHz; th:: type of loss peak behavior is typical of relaxation
mechanisms.

(2) The magnitude of the higher-temperature (100 K)
loss peak decreased and the peak broadened with increasing
frequency; the magnitude of the lower temperature (50 K)

2073 J. Appl Phys., Voli. 80, No 6, 15 September 1986

loss peak increased and the peak sharpened with increasing
frequency. -

(3) The magnitude of the loss increased steadily as the
crystallization time at { 100 *C was increased, corresponding
to the increase in magnitude of the dielectric constant peaks.

! In the glass-ceramics crystallized for 1 and 4 h, a shoul-
der was apparent on the low-temperature side of the 50-K
loss peak. The shoulders on the loss peaks and the double-
peaked nature of the dielectric constant versus temperature
of these samples may have been related to the existence of
two matrix phases (hexacelsian and anorthite SrAl;Si,0;);
this suggests that the lower-temperature loss mechanism
was responsible for the dielectric constant peaks in these
samples and was the result of some kind of interaction
between the SrTiO, and the matrix. With increasing fre-
quency, the low-temperature (50 K) loss peak increased in
magnitude. This was consistent with an earlier observation
that the two-peaked nature of the dielectric constant versus
temperature of the shorter crystallization time samples was
more evident at higher frequencies.

The anomalous frequency dependence of the dielectric
constant peak of the 16-h sample was caused by the higher-
temperature loss mechanism. The magnitude of the higher
temperature loss peak increased with decreasing frequency,
consistent with the observation that this mechanism affected
the dielectric constant curve more at low frequencies (1040
kHz). Apparently higher temperature loss mechanism con-
tributed a large dispersion of the dielectric constant and
caused the low-frequency dielectric constant to peak at high-
er temperatures.

From the above results, it was obvious that an analysis
of the two dielectric loss mechanisms had to be performed
before a complete understanding of the low-temperature di-
electric properties could be obtained. The frequency and
temperature dependences of a relaxation-type loss mecha-
nism can be approximated through the use of Debye formal-
ism. The two loss peaks were most apparent in the glass-
ceramic crystallized for 16 h at 1100 °C. Arrhenius plots
were constructed from the dielectric loss data in the tem-
perature ranges of the two mechanisms. These plots are pre-
sented, along with the dielectric loss spectra, in Figs. 9 and
10. Excellent straight line fits to the Arrhenius data were
obtained. Activation energies were calculated to be 0.054
and 0.17 eV for the lower (50 K) and higher (100 K ) tem-
perature loss mechanisms, respectively.

D. Low-frequency measurements

Low-frequency dielectric measurements were per-
formed on the glass-ceramic sample crystallized for 16 h at
1100 *C. Dielectric data in the range of the lower tempera-
ture loss mechanism are presented as plots of dissipation
factor and normalized dielectric constant (capacitance nor-
malized to the value at 200 Hz) versus log frequency at a
temperature of 36 K in Fig. 11. At this temperature, the
dissipation factor peaked at a frequency of about 800 Hz.
The dispersion of the dielectric constant was almost linear
over the entire frequency range, with only slight curvature
suggesting an inflection point, as predicted by Debye theory.
The effect of temperature on the frequency of the dissipation
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factor peak is shown in Fig. 12, in which the dissipation
factor is plotted versus log frequency at temperatures 33, 36,
and 39 K. At temperatures of 33 and 39 K, the loss peaks
occurred at the lower and higher extremes of the frequency
range. The lower temperature loss mechanism thus resulted
in dissipation factor peaks over a relatively small tempera-
ture range.

Low-frequency dielectric data in the range of the high-
er-temperature Joss mechanism are presented as plots of nor-
malized dielectric constant and dissipation factor versus log
frequency at a temperature of 82 K in Fig. 13. At this tem-
perature, the dissipation factor peaked at a frequency of
about 900 Hz, and the dispersion of the dielectric constant
was larger than that of the lower temperature mechanism
and displayed curvature suggestive of an inflection point
near the frequency of the loss maximum. The effect of tem-
perature on the frequency of the dissipation factor peaks of
the higher temperature loss mechanism is shown in Fig. 14;
the dissipation factor is plotted versus log frequency at tem-
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FIG. 11. Capecitance normalized to 200 Hz and dissipation factor vs fre-
quency at 82 K, for the glass-ceramic crystallized at 1100 °C for 16 b.

peratures of 78, 80, 82, and 84 K. Dielectric loss peaks with
frequency were observed at each of these temperatures, and
the frequency of the loss peak increased with temperature, as
expected.
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F1G. 12. Dissipation factor vs frequency at various temperatures between
78 and 84 K, for the glass-ceramic crystallized at 1100 °C for 16 h.
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N The Cole-Cole method of analysis was applied to the
" low-frequency data, relevant to the higher-temperature lass
[+ mechanism, so that a better understanding of the observed
:) shapes of the dielectric loss peaks and dielectric constant
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FIG. 15. Cole~Cole piot constructed from the 82 K dielectric data of the
glass-ceramic crystallized at 1100 °C for 16 h.

dispersion described above could be obtained. The Cole-
Cole analysis was performed with the HP-9816 computer
system by fitting X * vs K’ datato acircle with a least-squares
technique; the intercepts (X, and K _ ) and the tilt param-
eter (a) were then calculated. This computerized analysis
also allowed for the calculation of the frequency of maxi-
mum loss (for Arrhenius plots) and the maximum values of
dielectric loss (for normalized dielectric loss plots).

A Cole-Cole plot, corresponding to dielectric data tak-
en at 82 K, relevant to the higher-temperature loss mecha-
nism, is presented in Fig. 15; the line between the X inter-
cept and the origin of the circle is shown, defining the tilt
angle. An excellent fit of the Cole-Cole arc to the dielectric
data was obtained. The effect of temperature on the relaxa-
tion process was determined by performing the Cole—Cole
analysis on the dielectric data taken at temperatures of 75,
78, 80, 82, and 84 K. Information obtained from the Cole-
Cole analyses is summarized in Table I.

The value of X_ (the value of the dielectric constant
without the contribution of the loss mechanism) decreased
with increasing temperature over the range of 75-84 K, even
though the measured dielectric constant increased with tem-
perature. This can be expiained by the shift in the loci of the
data points along the Cole—Cole arc as the temperature was

TABLE 1. Dielectric quantities derived from Cole—Cole plots constructed
from low-frequency dielectric data.

T(K) K, 'S AKX a
13 237.56 196.26 41.30 0.423
1 236.90 193.60 41.20 0.420
0 236.62 194.82 41.80 0.431
02 236.23 192.81 Q.44 0.448
“ 2)8.%4 192.63 291 0.439
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F1G. 16. Comparison of Cole-Cole arcs, constructed from dielectric data
taken between 75 and 84 K, for the glass-ceramic crystallized at 1100 °C for
16h.

increased. This is shown in Fig. 16 for a series of Cole-Cole
arcs constructed from dielectric data taken at the five tem-
peratures. At a temperature of 75 K, the dispersion corre-
sponding to this loss mechanism occurred on the high-fre-
quency portion of the arc. As the temperature was increased,
the dispersion shifted to lower frequencies, thus increasing
the contribution of the loss mechanism to the measured di-
electric constant. The increased temperature range of the
dielectric constant peak in the 16-h sample was thus caused
by the higher temperature (100 K) loss mechanism. With-
out the contribution of this mechanism, the dielectric con-
stant would have peaked at a lower temperature, consistent
with the glass-ceramics crystallized for shorter times at
1100 *C.

The dielectric constant and loss versus frequency were
normalized using computer-calculated quantities so that the
dielectric data taken at different temperatures could be com-
pared, and the dielectric properties in the range of this loss
mechnanism could be studied over an extra decade in fre-
quency. Normalized permittivity and loss are plotted against
the log of the normalized frequency in Fig. 17, comparing
dielectric data taken at temperatures of 75, 80, and 84 K. The
normalized dielectric data at these three temperatures coin-
cided and defined curves with the expected shape for a De-
bye-like relaxation process. The inflection point which was
obvious in the 82 K data presented earlier was more clearly
defined by this dielectric constant dispersion curve.

For the higher temperature loss mechanism, a compari-
son could be made between Arrhenius plots constructed
from two types of measurements, constant frequency (10~
1000 kHz) with varying temperature, and variable frequen-
cy (0.1-10 kHz) at constant temperature. For the high-fre-
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FI1G. 17. Normalized plots of (s) permittivity and (b) loss vs frequency,
with data taken at 75, 80, and 84 K, for the glass-ceramic crystallized at
1100°C for 16 h.

quency data, Arrhenius plots were generated from the fre-
quency dependence of the dielectric loss peak temperature;
conversely, for the low-frequency data, Arrhenius plots were
generated from the temperature dependence of the dielectric
loss peak frequency. The comparison of these two Arrhenius
plots appears in Fig. 18. The activation energy calculated
from the low-frequency data was 0.13 eV, in suitable agree-
ment with the value of 0.17 eV, calculated from the higher
frequency data.

E. Electric fleid dependence

Clues to the nature of the higher-temperature (100 K)
dielectric loss mechansim were obtained by a measurement
of the electric field dependence of the dielectric constant and
loss. These measurements were performed on a glass-ceram-
ic sample crystallized for 32 h at 1100 °C. The measurement
system included a GR-1615A capacitance bridge with ap-
propriate protection circuitry to allow from applied voltages
of up to 5000 V. The dielectric measurements to be reported
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FIG. 18. Comparison of Arrhenius plots constructed from low (0.1-10
kHz) and high ( 10-1000 kHz) frequency data of the glass-ceramic crystal-
lized at 1100 *C for 16 h.

here were made at a temperature of 77 K; the sample was
immersed in liquid nitrogen to prevent temperature fluctu-
ations. Two measurement frequencies were utilized: (1) 126
Hz, the frequency of the dielectric loss maximum at 77 K;
and (2) 100 kHz, the highest frequency available with the
capacitance bridge used. The dielectric constant and dissipa-
tion factor were measured with applied voltages correspond-
ing to electric fields from O to 30 kV/cm with increments of 5
kV/cm.

Data are presented as plots of dielectric constant and
dissipation factor at frequencies of 126 Hz and 100 kHz ver-
sus applied electric field in Fig. 19. With no applied field, the
dielectric constant and loss were significantly larger at the
lower frequency (126 Hz). This disperison was due to the
contribution of the higher temperature loss mechansim
which was a maximum at 126 Hz. As the applied electric
field was increased, the dielectric constant decreased sub-
stantially at both frequencies, but with an applied field of 10
kV/cm, most of the dispersion in the dielectric constant had
been removed. With further increase of field, the dielectric
constant decayed at the same rate for the two frequencies. A
corresponding decrease in dielectric loss to much lower lev-
els with applied electric field was also observed.

From the above data, it was clear that two mechanisms
were active in this frequency range and temperature; this
was also implied from dielectric measurements presented
earlier. The nature of these two mechanisms can be deduced
from their electric field dependences. The higher tempera-
ture loss mechansim, which dominated the dielectric loss
behavior and determined the shape of the dielectric constant
peaks in this sample, decayed very rapidly with applied elec-
tric field. The second mechanism, which was apparently re-
sponsible for the large magnitude of the diclectnic constant,
decayed more gradually with electric fleld. Further evidence
for the existence of two mechanisms arises from the fact that
with an applied field of 30 kV/cm, the decrease in dielectric
constant from 211 t0 68 was much larger than the relaxation

of 1) ‘|'¢. e .n‘:.,a' N
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FIG. 19. Dielectric constant and dissipation factor. at 77 K and frequencies
of 126 Hz and 100 kHz, vs applied electric field, for the glass-ceramic crys-
tallized at 1100 °C for 32 h.

strength of about 41, calculated for the higher-temperature
loss mechanism.

F. Discussion

In this section, the results of low-temperature dielectric
measurements have been presented. These measurements
have created as many questions as they were intended to
answer:

(1) Except for very low loadings of StTiO,, the peaks in
the dielectric constant versus temperature observed in these
glass-ceramics could not be attributed to dielectric mixing.
Some sort of interaction of SrTiO, with the matrix was re-
sponsible for the dielectric constant peaks.

(2) If an interaction was responsible for the dielectric
constant peaks, the nature of this interaction was very sensi-
tive to crystallization conditions. For instance, the magni-
tude of dielectric constant peaks of glass-ceramics crystal-
lized at 1000 °C increased with crystallization time, without
an increased contribution to dielectric loss peaks. Converse-
ly, in glass-ceramics crystallized at 1100 °C, the magnitude
of the dielectric constant peaks increased with crystalliza-
tion time, but with a substantial increase of dielectric loss.

(3) Two low-temperature loss mechanisms were identi-
fied in glass-ceramics crystallized at 1100 °C, resulting in
frequency-dependent dielectric loss peaks at temperature
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ranges near S0 and 100 K. Another mechanism was active in
glass-ceramics crystallized for the longer times at 1100 °C,
giving rise to a large contribution to the dielectric constant.

As described earlier, low-temperature peaks in the di-
electric constant and loss have been observed in similar
SrTiO, glass-ceramics by Lawless® and Siegwarth.® It was
suggested by Siegwarth® that the observed dielectric behav-
10r was caused by the relaxation of permanent dipoles, which
were present due to electret (defect-dipole) states. He based
his conclusion by analogy with similar low-temperature re-
laxation-type dielectric constant and loss peaks observed in
SrTiO, based ceramics, containing large proportions of va-
nadium, niobium, or antimony.'?

Siegwarth® proposed that gross defects (or impurities)
were incorporated into the SrTiO,, suggesting that interac-
tions of SrTiO, crystallites with the matrix would not have
affected the dielectnic properties. In the present study, it does
not seem conceivable that enough defects were incorporated
into the SrTiO, crystallites to cause such relaxation behav-
ior. In addition, results of this investigation indicated that
interactions of the SrTiO, with the matrix were important to
the dielectric behavior. The double-humped dielectric con-
stant peaks and shoulders on loss peaks observed in glass-
ceramics crystallized for the shorter times at 1100 °C were
attributed to the presence of two SrAl;Si,O; matrix phases
(hexacelsian and anorthite). The magnitude of the decrease
of the dielectric constant observed with electric field at 77K
(in the range of the dielectric loss mechanism), in the glass-
ceramic crystallized for 32 h at 1100 °C, also rules out a dipo-
lar mechanism. For these reasons, yet another explanation
to the observed dielectric properties of the StTiO, glass-ce-
ramic 1s required.

An explanation that would be consistent with the low-
temperature dielectric behavior is the possibility that the
SrTiO, was modified by the matrix so that some sort of fer-
roic phenomenon was induced within the SrTiO, crystal-
lites. Single-crystal SrTiO, undergoes a ferroelastic transi-
tion from cubic to tetragonal at 110 K, as demonstrated by
several workers.'”>'* As the glass-ceramic was cooled
through the 110 K transition, the deformation of the tiny
StTiO, crystallites may have been suppressed by the matrix,
causing stresses in addition to those present from differing
thermal expansion. The resulting complex stress states exist-
ing in the SrTiO, crystallites may have affected the compli-
cated energy balances between paraelectric, ferroelastic, and
ferroelectric states.

It is appealing to consider the possibility that ferroelec-
tricity was induced within the SrTiO, crystallites in the
glass-ceramics. Induced ferroelectricity has been demon-
strated in both SrTiO, (Ref. 15) and KTaO, (Ref. 16) at
low temperatures by the application of uniaxial pressure. If
one accepts the premise that ferroelectricity of the SrTiO,
was responsible for the observed dielectric behavior, some of
the anomalous low-temperature properties of the glass-ce-
ramics can be explained. Certainly, the peaks in the dielec-
tric constant would be expected at a temperature corre-
sponding to the ferroelectric transition. The increase in
magnitude of the dielectric constant peak with crystalliza-
tion time at 1000 °C suggests that the interaction causing
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ferroelectricity in the SrTiO, phase was dependent on the
SrTiO, crystallite size.

For the case of glass-ceramics crystailized at 1100 °C,
the situation was complicated by microstructurai changes
occurring with crystallization time, as discussed earher. If
the SrTiO, phase in the glass-ceramic was indeed ferroelec-
tric, the increase in magnitude and temperature of the dielec-
tric constant peaks with crystallization time at 1100 °C may
be explained by changes in the interactions of SrTiO, with
the matrix caused by the microsiructural changes. The de-
velopment of the acicular titania crystals could have
changed the mechanical properties of the matrix, and altered
the interaction. Also, the increase of SrTiO, crystallite size
may have allowed for the possibility of domain wall motion.

The higher-temperature (100 K) loss mechanism can
be attributed to ferroic domain effects within the SrTiO,
crystallites. The activation energy and frequency depen-
dence (a decrease of the loss peak magnitude with increasing
frequency) were consistent with domain wall motion. The
temperature range of this loss mechanism also occurred sus-
piciously close to that of the 110 K transition of SrTiO,. The
increase of this loss mechanism with crystallization time at
1100 °C was consistent with the increased domain wall mo-
tion possible with the increased SrTiO, crystallite size. The
fact that this loss mechanism did not increase with crystalli-
zation time at 1000 °C suggested a lack of domain wall mo-
tion in the extremely small SrTiO, crystallites of glass-ce-
ramics crystallized at this temperature.

The lower-temperature (50 K ) loss mechanism was dir-
eclty related to the dielectric constant peaks, and was re-
sponsible for the increase in magnitude of the dielectric con-
stant peaks with crystallization time in glass-ceramics
crystallized at 1000 °C. This mechanism was the result of
some kind of interaction of SrTiO, with the matrix, as evi-
denced by double-humped dielectric constant peaks and
shoulders on the loss peaks in glass-ceramics with the two
matrix phases (hexacelsian and anorthite). However, the
frequency dependence (an increase of loss peak magnitude
with frequency) was not consistent with ferroic domains.
The nature of the actual mechanism responsible for the di-
electric loss peaks is difficult to speculate upon without
further experimentation.

From the above discussion, the difficulty in assigning
mechanisms to the observed features in the low-temperature
dielectric properties is apparent. Ferroelectricity is only one
possible explanation for the low-temperature dielectric con-
stant and loss peaks. Other types of ferroic phenomena and
domain structures may have been responsible, although
more definitive experiments are required before mechanisms
can be assigned to the observed dielectric behavior with ab-
solute certainty.

ACKNOWLEDGMENTS

This work was sponsored by the U.S. Army Research
Office under Contract No. DAAG-82-K-0015. The authors
are indebted to R. E. Newnham for thoughtful discussions,
and to P. Moses for his help with electrical measurements.

Swartz et a/. 2079

AL, LA,
Yo '\" Vo A7 et




'A. Herczog, J. Am. Ceram. Soc. Bull. 47, 107 (1964).

*T. Kokubo, C. Kung, and M. Tashiro, J. Ceram. Assoc. Jpn. 76, 89
(1968).
>T. Kokubo, H. Nagao, and M. Tashiro, J. Ceram. Assoc. Jpa. 77, 293
(1969); T. Kokubo and M. Tashiro, J. Non-Cryst. Solids 13, 328 (1973/
1974).

‘D. G. Grossman and J. O. Isard, J. Am. Ceram. Soc. 52, 230 (1969); J.
Phys. D 3, 10(58 (1970).

*N. F. Borelli, A. Herczog, and R. D. Maurer, Appl. Phys. Lett. 7, 117
(1965); N. F. Boreili, J. Appl. Phys. 38, 4243 (1967); N. F. Boretli and M.
M. Laytoa, J. Noa-Cryst. Solids 6, 197 (1971).

*W. N. Lawless, Ferroelectrics 7, 379 (1974).

‘W N. Lawless, Rev. Sci. Instrum. 42, $61 (1971); Cryog. Eng. 16, 261
(1961); 4 Low Temperature Glass-Ceramic Capacitance Thermometer,

® e 2alodnt gl Aok Al B R A A\ S0 S0 LAl Al Ala i gl 180 AR AR AL il tal tag tal Sng Sk el Sah hed @b Gl Aad A0 Soh g ld S a'den’l '«W

Proceedings of the Sth Symposium on Temperaiure, Washingion, D. C.
June 1971 (1972); 1143-1151 Capacitive Cryogenic Thermometer, U. S.
Patent No. J 649 891 (1972).

*J. D. Siegwarth, J. Appl. Phys. 48, 1 (1976).

°S. L. Swartz, Ph.D. thesis, The Pennsylvania State University, University
Park, Pennsylvania (1985).

'9S. L. Swartz, E. Breval, and B. H. Fox, subnutted to J. Am. Ceram. Soc.

1'S.L.Swartz, A.S. Bhalla, L. E. Cross, and W. N. Lawless (unpublished).

125 D. Siegwarth and A. J. Morrow, J. Appl. Phys. 47, 4784 (1976).

UF, W. Lytle, . Appl. Phys. 38, 2212 (1964).

'“H. Unoki and T. Sakudo, J. Phys. Soc. Jpn. 23, 546 (1967).

W, J. Burke and R. J. Pressely, Solid State Commun. 9, 191 (1971).
'*H. Uwe, H. Unoki, Y. Fujii, and T. Sakudo, Solid State Commun. 13, 737
(1973); H. Uwe and T. Sakudo, J. Phys. Soc. Jpn. 38, 183 (1975).

»
v

e
P N

@
»

o/
.‘-

L Y

'S
o



T
L)
Y

10} 1YL 30U Cerw 2uo ponad e sigl inoge apiaipygns 1agim) o

Juipurissapun pruawrpung Auuadoop
Hpdes pur suonesigdde pendeid o asey Suwaprosy Qipeags e tadog
RIS [FRTIEXY TN A uoragwdis o pay sarsadosd apgenopdya
LIsnotaqo pur sumpongis aduss 194 gt SOPING e iad AYPIS sy
“00 YL TSALANOIIP (6l AYE IV SIS IS Ddwod yiw san
MUY RISALY ANIOS-13IRM 2Yeia) 12411 01 0 Inbun “ARsound syuais
B0 JHIPIDWOS srw H0A0033) 2 Juysaosadasd | ayl up aamonas
Ay osad ) g a2 £ yorgw sapixo paxiwe Jduis Jo saquing
30 SaIado3d SMAP (Pnsaun YL o $I3A03SIP YIw Sppel A1ea £33 oy
W awes Ao sy v auiod Suwng,, ofew ay) Jo auo Ajuimiia)

1 AYr] W pazurwwns st <auny 35ay) Suope 1]dwdye umo Jno
pur Guauae jo spouad sofew asay) aweu pue KHuuapr o1 A iySug suo
urLoIsiy ue ayl dutwopoy andoa vl Spepnotied asaw {pmis 10§ spapow
10 csanbidn Cspruaewe dgads uagm | saseyd,, papmujam jo 34
-wnu v yInosy passed sey 1 10aRIpud urwing Jo sad£) asayr yioq ayrg
AIUILIS B SBLIR UR YINUW SBISOWE MOU UIAD sdeyaad st sirisA1y ajqrus)
-ap Cagrzuriod Codosiosiue aeautjuou Alydiy v Joaryaq sise)d pue
3P Jo Aepdinw 3dwod ayl ssop 1 se Juiajoaur AIina30134

e

[N

ety
A

s

R
o \"'&"
WY, 0,

e
..u‘\'l‘\f-.

S ol

v'\‘\‘)

‘Aisnpur jopnpuoonues ay) jo shemyied syl smoyoy ABojouydsy
211800110319 SB peaye Sieak ayl w aJeid axe) [iwa uolRZUMEIIW pue uoieba)
UV IAYUNS SIOISISAI NMWRIBD PUR "ANININD [IBULODIBIUI MNEIBUI ‘SBIENSQNS JNWEILI
yim Buore sabGexoed sakenu olur pajesBaju buiaq ase siondedes pue siaonpsues
21231304184 . vonesBejul Mwe132011a19 10 sbuuBaq ay) Buisseu)m ase em apedsep
w3said Ayl Ul Paroidxa 916M SHWEIAD JUIBNICHIB} Ul BUBLIOUBYM UOHINPUOD U0
-0818 pue 'AIlSiuayd 123}9p 'seiadoid dooIIB8 BUI YIYM Ul UOHBIYISIBAIP j0 abe
8y} aWeD SANUBASS Byl Ul ‘dlepahiow wnumopeb se yons souelsoisey Jedoidun
1ey03d Jo Jeqwinu © j0 A13AD0SIP Byl O) Pl PuB J3BJU0D BPOW-KOS Yl paeM
-uayIne sjuswuadxa voNeN SIS 8yl B85uaids ybny., jo abe ey o} pay Siejawes
-ed 19P10 pue S8pOW LOS 0 S1d22U0D 3yl 'BPeIBP BuIMOIo) BY) Uy J3INPSUEI] I8
-80z3d pasn Ajppim 1Sow ay) 'aeue)) 8leuodnz pesy Buipnidw ‘apedap jxau eyl w
PaNNUSDE SHII0BB01134 MU (01 UBY) 310w Ypm uoiessoxd prdes 0 poised e swed
uay)] areuel wnueq jo0 AIBA0ISID Yl UM || sean puops Buunp Aipide: pajeraiss
-58 $MND8180Nna) 10 Apmis ey aleydsoud uaBiopAyip wnisselod pue jies ajjeyooy
uo y10m Bunaauod sy) yrm Buuubeg ‘euny s1ayjo1q eyl pue 'IBICA 'Y10i9 ‘BR00H
S{9NI0Y INBISRY ‘SSIGN SISISAyd 1RISAID Snowe) Al 10 oM By pue Ainjus)
1Se) 8yl 0] %2eq pades; 8q ued Ajduida1a0.8y j0 Kignoasip 8y 0) Buipes) sj00: (€2
-1J0ISIY 8y SIUBUOdWOD JNWeISI0INIBE J0 SAES BY) jIey-8auo 1noqe 10} Bununodoe
'$101S1UNBY) PUB 'S)8ONDSUER)) ‘SIOIDRIED SE PasSn A|9Dm 88 SOIWEISD 3111091601194

A N
st

%
2

o

v

20891 vd Wed Aisieaun
Asoreioqen) yoieesey siensien
Ausiean o1e1S eluBAASUUSY BY)

WYHNMIN 3 Y ONY SSOHD 3 1)

e Y
La"

<

SI1193j90.1134 JO AI0)SIH

M| CURIOE VWIS ) WEVBY )| 4 (981 IBIido)
DIPIBS PR rundid Aug swwpa ) Boprargas) WRIp J)) SETI0A CUOURTIt ) PUR SN g1 Wiy pamiday

e Sty ~ A AL
s O

CNNNSNT RALARLA NG OO "
e @ O @A e @ BESNSASS @ LN

Randoac A A



t6t

RITTRETROYETN] Juiag se sepv i FRITTTY
J IR P pUe Heg SAY0Y PAgHUIPE (1333100 pue 1Dapa RIFTRRIETPE]
W 2Y1 o 35U gy e ambaun PAYSHYEIS2 Y10 MY sy R
ur anny sanhaepneg pue 2y MAOIG Y JO NOYE 1IN AP N
SRWAINAS s H) gy sdmpad ing Cigey AAYIOY SeM Yigw Juowe e
stours ue GEnaspoldd o uouawouayd ay passasqo pey A naag
FCRL UE 1s2u apoxd o) uwridag sataadord eosAyd sie Aanjuas yiuaa)
AU Ay e e o saadoad pruiipaw sanedand ppw sy 10} SInak (02
131010} PASH AT W (g A13Yd0Y) AnIpSyYRIia) JRIUR Wnsseiod wnpog
ANLY IPYIY w0 uwo ayi ur Ledagiode ue anauliag any Aq gyl
w paresedas sy sew Apnis jo pouad sy o 1320qo 3y (1 2qr), w pazu
TPAWMING Q47 TSATANDE. MEIMHNIONI) II1R ([ 10} SIS AY) PIULIO) YIIYW
Pouad 1SR SiIg) ur $1uasa pue 3doad juersodun djou Yt Jo duwiog

POUSd TS 8flayd0y A3 ey)

.12y PIRS am jeyM 15quawas Suoy sou ajou
AL PUOY Y[ "PIRS 2000 UIODUI] S *Ing “YSEI I[P 310W UIAI
um 1ad A1 syl Jo £30j0uyran Ui oA UR [aaRIUN 01 pue 'SAWRIID D113
“OHa Jo aminy gy impald o1 st uoneuasaid sy ut o3 puodas sy
‘Pauoinodde Apadosd Aprase 1pass
Y1 pur e Arsauad St pioda) paysignd 3yl 3dudNds dIseq Ayt Joj
JAMINOY ProaR o) pany st seig [ruosiad Csiydyydy asays o Juimelp
Ul TpuR uo payano) aq ued syiiydy sofew A SIU13j013) o wow
-dop213p ay) 01 palnguILOd oyw s133Wud pue SISHUIIS Surw ay) 0 51
-snfop o aqqissod e e jou 11 adAr sy jo saded Loys ® ut ‘Aurag)
SI3J20a13) 01 paiddre 3q |Im S|RISAL 101INPUOINWIS S0) pado
“[2A3R SanbIuyda ay) Jo Surpy adwd AYR) flim UONRZUMBIUIW J3YLINg JuY)
SOOIAGO SWRAS 11 praye Juioo] SIUAWIR 1NdN3 35ay) Juowe ase sje)
-SA13 puR SIIWPIAD NN1D3|I0113) WY Ipew SIYINWMS Nd00NdI|a pur ‘512
-mpsuen Csioioede ) $a3rydrd 1sAvfinw 10 SINOND why-uIy) ‘SN2
Wiy 0w papiodsoout utaq 21w S1wauodwiod JNWRI0NIAP Auew
Yoym ut “uouriai o 28 2y Jo ISpIw Y1 w1 A Im udasad 1y
'sastaap Junreay Juneindal-jas se £japim pasn mou e 101wy
YILd W10d Any ayn 1w 5uRINSas U1 JuRYD YRNITWIL B JO A13A0DSIP
241 01 Pt ORIRE padon o suonednsaaug cjjam se 25ejd ool siuawdojas
-ap ranoed 3untauiu Jo 13quInU B T UoNEIYISIIAIR Jo 3fe ay) Suung
suotlsurg)
aseyd aieis prjos Jo wnndads Juwapim-13A3 ue 03 pardde asam ‘saing
SIS UIMWOP DUEIR0LI) W SwIISAS wawddridsIp Jueis Y Jo 135u0
41 FUIPUTISIIPUN UL INPINIG OS PIA0Id IARY YNYm ‘sanjigeisut apow
[e2twruAp Jo 1dadu0d Y1 pur ‘<pEISA1d 310119) PaUUIM) AEIUdWIW JaYlO
01 pandde sexw <Hu003) 1adoad Alduns 10) AWV AqqrIapISUED
Yitm PaAjoAd yaiym Juiqungl oy yaigm ur uoHeIYISIaAD J0 pouad A3y
® 24 03 )N0 WM {rW SOz Y] JO IPRIIP 2Y) JRYS AN N IdYRY SUOH
-tsuesy acnyd Juipmis soj o Svwnsd v 3q 03 SaNUNBOY JeYM 0 adnsnf
W ssouf 3 C1aaanoy Cpriom SIgL | sapow oy jo Sulapary, . jo eyt
SOL Y1 Jo P13 Yy i o1 spunddig auo sidwa) Csaopur Juneds pue vua
-wousyd IR w s Suneeasa ags pue eiep JuuaedS YoNNAU puw
urwey ay) wr syead puad yiwm paedosse swagqosd juanbasgng
saotsury aseyd pyos-pros aaneidsip Jo sondusdsap 3y 10§ sadSvoad
I10a8d At 01 S£01 S1aydrsdo)is £ wolp Ajunwwoes sosyd aps proc

AP UL PAAJOAD SOOI YOIy Tuunp Joarapud dynuas | ydy,
0 maoue Spup cuondudsap apow-yos ayr upudina pue Juid)iaa
ut Jeaq 01 Idnoug sea eudoadde 12a2104 % Y49 pur TYON YN Yim
oyiado) “Juuaneds glapsey pur tunojUg CuRwiey CUOANaU S RpRaul
wo} voneusojut ayl jo gdasa (ing agi pouad gel v g6l AY) 124Q
ERINTINLICETA
ags Jo suouepxa Atejuawa(a Yl yInoyr suoududsap MNIWOIE 3y
“RIIRI) QUM PAEIUUOIINUI 3G PIROD INYSUOAS(] pue JA|IN jo sadojou
wouagd MEls 241 £ga1aywn YUl [RiA 241 papiaoid uondudsap jemdojo
-uawouayd jedtweudp syl UOSIApUY pue uriydo) Aq Spuapuadapui
PUY [SNOURLMUIS JSOWE PRW UOHISURIL JMIDII0LIA Y1 Jo uoliduds
-ap apous-ijos Juedaja ay) JO UOHRINWIOY Yl YHm (961 Ul PILIAIDO AN
-3U13(304135 Ut JUADO]IAIP [BIN3103Y) Juediiudis jsow 3yl sdeysag
i "Sg6l Al4ea agl w
SUOIINIOS PIOS dqeldwnuut pue ‘spunodwod sA01dd auap Aluam)
URY1 210W ‘SIIIII[I0IIY JO SAPWE) PAYSHQRISI AWl IAY-A1uam) 01 0561
ut SANYSACII JUND320413) INOY 10 331yl pue ‘dd¥ ‘NS d019Yd0y woy
M333 $511133]20413) UMOUY JO 13qWINU 3y} ‘pouad SIY) JIAQ $ILIIII0NIIY
uMoUY JO 1aquinu Y ut uonesdjosd pides jo pousad € 313m (0961 ©1 0561
S1n3K Y] -pIYSIQeIS? Ajuay am QLIrg dWesdd J0 suoneddde 1asnp
-surd) pue topdeded Iy pue ‘paIpms Sil) 13w Jeish1d Junruidse) siy) jo
sained) [ruawuadxa Jofew Y) Uaym paimsdo ‘ggel 01 Opel pouad s
-uei) wnueq 4] spoirad 3uo|-apedap IN0j-0N A|1RIU 13YLed (€] SIudW
-dojaaap a1 1wy steadde )it tead anysaosadisod ay) Ut ‘opel 1Y
"poutad @ dletpauniaul i orsl
O1 (61 WO IpEIIP Y1 PIWII} IABY I D061~ MOq saimesadway vy
PauUOd SHINDJP013) YIM INQ ‘YlM HI0oM OF S{RISAID dUIdWWAS tow
‘121583 21am 353yl Ajwej eydsoyd uadospAyip wnisseiod ayy wr i
-13L13313012) Jo A13A00SIp 3Y) AqQ pardas Ajerued a1am fe1shad x3dwod
apqeisun siy) yum Surpiom Jo sawode gy ggei Ul "pouad Jjeg 3jayd0y
A4ea ay) siy) w3y 01 Jjqruoseds sdeysad swass 1) Apmis 10§ 133(qo oS

sajodip pue
sapow paieindiuew ‘s133§J2 21§ uoeZUNRIUIW [0 3Ty 00070661

sando
paresdaiun pue ‘sansodwod ‘sadeydey ‘uoneasau jo 3y 06610861

S101S1WI3Y1
*$31d001139 *SIN0LSI] (UOHEIISIAAIP Jo Ty 0R61-0L61

s1aweaed 19pI0 pue SIPOW oS :3dUANSS Yy jo 2By 0L61-0961

P312A0ISIP
$311133|201013) mau Auey :uoneiapjosd jo pouag 09610561

padojaasp saonoedes y-yhy (ra3 seurin wnueg Apey 0S61-0r61
A1151133120113)

JO spapow dMIswole pur Siweuipounay] a3 gay o061 0t61

£N50153130113) Jo A1aA0081p (pouad 1eg AYd0Y ov6el-061

u:u:_uu_uotuh_ ul suaay wenodwy  Cf aqey,

L

Ty
l.nlvf‘)---\\--'\.'---.R--Nli‘
PR BT R TN DS W g VN

;.\- ) '\.'*x J'-

)
.F\

TN

- L S S g

LA —~. LT .f-f. 'y ’M.vh*-\f-h

o



6l

SAPIIS P 281 1 paguasad
[{LEN MPMY YW SR o MY o duos A—_u__L NHAIL O] o w
M Ag degIad plrow ey Iow ieg Sy ey Qe ag) Aunveyy oy
voiezneiod spoaurjuods
JO U0 DL I0E S IH0MT MOS0 NI N 111 AL 0 aue o) Ayisuods
Aaew dnond sy G WeY pur aoppeyny | g pus U TUTHN
SSEAYQ JO ustd2 np g1 1apun peRtuies | ul AnHNug e uysa)-eisfyg
M Yown Qiadns Yyl sonuaur s plaoys vy ponad AAnruing
) Funinp rIg panugy g Ul 2y sapngs JO 3o uridun L1318 Ay
PAINEYIWR N0 0 2ary aw CmIa e g0y 3yl Junydyydy ug
eSS P padwid ag) o Fuaos B e w eg
APYr0Y U 3210) Fuaup YL IRy PAINOYS TUMIPWIOMN (Rluawuadyd ay)
WL “pur HIgrisul pamuiwop-sndapozad ® 10 ISR uR -1pdaje
AP 2o Qujigissad ay) Appwirs Ceg agaysoy v QIR0 sadoid 10
urtuo apgqissed 221y oy PAysInunsip A sy Yl 10y Iafanpy euw)
UG UL UAWIRIH AT S DHYSUOA(] 20} SISEY Y] Hurdag yoyw (3
-oppuauouayd seis ayi papunodoad Apeagy pue pouad Kpea ays jo uon
“PHULOJUL [RIUdWLIAYD 2y) pazirwwns KPpandags Layi "opel 01 sE6l woly
Juuraddy LW O, SN HAQ S1adnd o) Jo SAUaS B yiew awed
pouad jeg 3laysoy Ay 10) vonruwind aepdosdde ur sdeylag
‘pray dnyoud ydioung
S APysey e pry yderdouoyd aatsuadvoul K133 sowpe sopg)
am 2y g Aurndwo,) wawdopaaag ysnig g 1oy <aunj 13nposd ageigosd
1SOW 24} JO 3UO OJUE AA[OAD O1 213w _ SIISIM] Pur $13pudY.. Ydiowy e
ARYIOY A swegy Jo snadea Juudaudus ayl pue Lweg Jo [Iys
Irsnauadanua ayr yum RS aydoy jo suonesdde sasnpsuely uru
-0s21U0u 10 uonrandyues ydiowiq ayl Jo | 134mes g ) Aq uonewduo
241 sew 13lyns ajoy w ay s0) duepodwt Ransesd wesudis $13a §jo
SAUNFIAWIN 3N ) 0MT JO IFUALNIDO AL pus Kianiw
-32d M1 10J WI0) SSIAAN-IN ) YL PaySIgRIS3 sty ay) Juopre «pjay _‘:..
SIUALMNSENY TURISUOY DU Amriadwa) uo aduapuadap payinw
SIEpUR yonezurjod 3y Jo AnIu MILAISAY YL AW 1SKY Y 10) paeils
UWAP Apeaps sris i yeg apaysoy ind-x pandard Syngaama jo adieyd
SSIP pUR ATInyY Ay 0 SAPIIS INAWOURAES SUSHRY M Pwauouayd jo
12C SIYD AQUISAP O AHOL D20 L WAL YL JO IUIWYSHYRISI Wity Yy of
1217 PRAL 01 213 SAPNIS N34 RS 2AaYdoy 1o satiadoad dudapap
) pue sonaudrwoid) o saadosd onaudew ays uraniag dopeun ay) jo
(pris newars (s # urdag ay "uunag 1) o A\ CIOMAId0S sy W uots 2
A0S ¢ U004 ETAE 01 176 WOLY WISBOISIAL JO Apsadamp) I papnis
NAISRA - Cuamd Yoaz)) Jo ANUnod S UL WG YAaseeA ydasop sraw
pouad g afayaoy Lpra agi o sonquued g Jofrw 1agiouy
[P sy Jo Fuipurisiapun uipiewio) u njd|ay 1ISow Jgnop ou sem
PUR P3N SIYE UE SIVI0W JO DU JUUL [[FWS Y] O UNOUY [1dM 13y R)
UG ARy ISIUE WOW Y CIAMOY CAjuiRiea ) Cpaysiigndun pauirwas
puw patjisse)y {puanbasuod sew pur suonedidde JRUOS JO) 1RU0D KAy
‘ST T IIpUN PASAPUOD sBW IO YINW DUIS CIRS IIYOI0Y U0 Yiowm
§ana s £pr ) Jo 1023x3 i) YL FWISI 01 INOPJIP SEIT SPdIeuniojun)
IPISALD sy ur anea Pip ydiy Sjsnoy
PAOUR M) PUR ()47 T WI0d 21N Y JO UOnrAIANGO i) ) Juipnpy
- MAE1R U-.-4U-UC~D.C TUTISUODN M Mp ‘sapadosd RN EN RS ITEITEY],
ST PAPHPUE SIIONOD pur Apr ) AQ )RS AAYIOY U0 SUONIRAEINGO

d.14

SPeg UoRID0 snopdsne eyl Ynw o1 pARIWUIe) uiag 29w yym
SANGHL AUBW DY) JO pur ARpYIIQ POOT MY JO LOYS SPP ue Sjuo parp
PR IPPAL CHL6T T6 12QIUNIA(] U0 I8Y) SHIUNWILOD DLIIII30113) pur 1)
SR07a1d Yoy 10 MOJIOS 121 R SE ) IRl Yig MY Ol uawinsadya §
-2A1) B {[11S SEW PUE SAIOJ SIY UL 2R [HUN SIU1D2]20Z1d uo yiom uidag jou
PIP 3H “Auiy) a3r £q 1240 S1 3 AANpod S 1SHUANIS B ey Jurdoue pun
3unok ay) AQ s1SaYIodAY 3yl jo vonedou 1230p © S1 1231w S Apr)
PIRY
YN UL DISSBY B NS pue ‘9pgl Ut paysignd 1S11 A002 04 o0
SIy UY pazuewWNS AIQrIUPE S1ANDNDA0ZNd JO 2UIINS ) 0} uolINgLI)
-HOD JAISSRUW SIH "JOIRUOSIS PIZIPGRIS £]|R21H39120731d Ayl jo 1uawdogaa
-3p Y1 08 PI] Yoym Aem anbiun dy) w A3ojouyd3) pue dUNIS Juippw
30} NP3ID SIAIISAP Apr)) 13)[EA duvkur ury) atow sdeysad "Anunod siyj
u A115U1N2120z31d vo swreadosd yuepoduwl 1ISows 3yl JO AU JO JUIWYSHQEL
53 Y1 01 Buipra) *133se3 S Apr) ul Juiod Juning B JWwedIq YoYm *sisi)
-UIIS Youdrg Yim L6l ut Bunadw suoisy e jo duelodwi Iyl 1IN0 map
‘Ape) "D 2iEM Yim anBojep sy ul 3ue) Aoupis | lea pliog W
Jsvpiem aulIEWNS Jo SpueWIP 1uadin 3yl 0) Isuodsds B SE PILININO ARy
0) sieadde jjeg AqIYI0Y YIMm SIUAWIAICAUL “§ (] 1S3HIRI Y Jo JuQ
» MBS 31ayd0y Ul 193443 1Y d11do01333(d despenb ddie} sy
YSHQRISI 0) U0 0F "12A3MO0Y ‘PIP SIIND04 “NOM aY) Yim paadosd 1ou pip
Y pue sjudwasnsedw |ewiduo SIy qnop 01 S|Yd04d P andeajiod uew
-390 U3 Afjenbd ue £q YIOM 13300581 AWOS ‘APIRUNLIOUN 33U
-0143) wau 3uipuyy s0j sanbiuyday sSusoudeip 10few A Jo U0 AWOIIQ 04
12121 215m SAPNIS YING 'S|INI0G AQ SEM 1IBS 3||2Y50Y Ul suodsas dndy
-31p SNO[EWOUR 24 AJIuIp! 0} SAPnIs 1511 Y1 Jo auo ley) sieadde 3|

K104y
jeatdojouswoudyd 313dwod 1514 © PN H orel
'L 1 a8uryd Andwwig aer H LE6l
L SI1SInE,, pue | S1apuaq,,
sydiowtq ieg Y00y 19AmeS 9 D ot6!
A151113313003) jo vidQ uuems ‘0O 4 W 61
o
wshausew 0) AJvjeuy NISeIPA [ (R3]
ApeDd D M
suoyeddde "UOSIONIN W Y
[LRITRLIT ERETTEIRTFIRET B 21N UOSIOPUY VY ([ L6l
. [RETTES
(' 3 13y SARWOUR NI LIELRAY ] (Y]
aumy f
sansadoad >uddp0zayg 2un) d ORRI

NPS PYdoy
JO SIS3YIUAS PAPIOIIL 1SN
aflayroy amaudag iy $491

OTHEPOTHTINEN POHag 1iRs a)agdoy spury 1 algeg

P $‘

O )
1"'

A

¢

R N -.~.
. e, . N .

(R AL

ape,
}.'I‘.I

v
’
o
-
L

¢
f



»J..Am.f/l‘ -\-\-\-\-\-\-\n ~ \-«A‘ll.
P4 @ 5L NS . \.\...
Kot A X S

6T
[RIVRITAINEN
DA 0 v o) 2l EES RIEVAR] ttol
uadopy RAUAY IR N
Aunwero) uoiieypp uonnay uodny o) 156l
L10a) funapio uojogg 2 ) 16l
EEITEITRINGS |
AHOUA0113) Jo odas g ‘yasng 0y stel
ANPNS RISL) [REVVRS otel

FOdTHN dnoin aieydsoyy uaBospAyig wnssog T A ge)

‘s1aded Loy ayy jo 13g
WNU IO SR ADY) YL UL PALIISUL UIIG IARY $IDUIAJaY “suonedjdde
PUR SEIPI RIUAD AYi JO M2 # 3DR11 0) S1 313y yse) Lrewud ayr ing Csawn
ASAY) 1AA0 ANDHINAA0LA) U1 SIAWdOlaAIp SuNIdXa Y1 01 sueHNGLIUOD
wenodun Aurw ay) noge pIes ag piRoys pue pinod a1ouw Yonjy
‘raads uouoyd o Apris ay) 10) Juuaness dusepd
-ut uonnau pue Adodsolpdads urwey 1358 Jo sanbluyday mau Fuidsaws ay
Jo sanad gy sy wogdxa o1 yoigw yum Yiomawesy ydu sy asnl papra
-0Id PUE gRIRASAL RIS PHOS JO WRIISUIRW Y1 0JU) SIPNIS D011
Juiidnoa op anuasr ays papiacid wop3uty panuny Ay us urIYs0) pue
SAMG PNV DY VI BOSIAPUY Ly INYSA013d Y Ul A1OULIIA0MI) Jo uon
-dUdsaP Sapow-YOs Yl Jo uonezifeas WIPUAdIpUl Ing SHOUTHRWIS ayy,
PAY-AIUINT 01 2201 WOLY PISRAIIUN SAPWER) D111II{I0MII) JO 13qWNU Yy}
apeap ayr Juung Mg AYI U SIIIURY I1DAI0NII UMOUY JO JIquny
M ATnjua 01 Yonw pip duoydalal, [2g 1P SINIOMOD SIY PUB SEIYNREY
Ipuiag pur 1§ wudg e dnosd siy pue Agsuidag Any uasmiaq uon
N2dwos Junepwnis gL ap6] AP UL SR AYSA01ad MwWRIaI A
PAYSHYEISA AUy 12 0M0D J13Y) pue “uowolog Clautep Aq Aurduwio)
PR rUONRN AT 10w Fuuasuoid dyj patou aq Sew spopad asayy jo
Yora Ul A1nod Sy U1 PRy g o1 Suonnginuod uriodur £13a 3y
DL6] O I961 PUR 0961 1 0S61 "0s6] O1 061 Spouad
JLEESUEY A2IY) Ayl jo f_cm__r_m:._ Yl jo W e Mc_n_nu 1A pue .> >— Sageg
1aIea pasn genezaodae ay) waixa awos o) Ansnl op sorgl Spra ay
ur au3ads g uo paradde sapwrg auysaoiad Ayl duIs YWD Y
{I® JO UOIRSRISED PP 1 apiacid o3 Jpgrssodun s Sprunuogun)

13 SN8ACIRg

o Auedwo )

Watdopaagg ysnig ayi jo Granoe sayioue ‘siaonpsund) sruos Jawnod 19

ydy sop ngasn {Pwanva pasoad sieydsoyd  uadorpAyp  wnwowwe

dUIPROLNHUR o aveyd dajaand ayy ut Ananaw yapaozad Juons

YL NOAAOL SPOUIS Jou 1AM (F]] AYRL) 713 Aysaosadard sy ut
PRUNDIO Yiym Sjroey 4oy A jo suonesydde wunpoduwn sow ay g

uonrzuejod snosurjuods Jo 121D JURUIWOP

MY S yonpw suon apegdsoyd pue wnisseid ay) Jo uoiow ay) ur apow

HOS Yt pur Rutapio uoioid W usaIMIdg uoAuUOIIUE Juiruase)

M PARIAIT 1N NN YN PUR URWRY IAANOY (1Y Ul pou

r6(

-ad duop e sop Junzzad paunnwas Ty e cadurys agy JO nauy Ay o surod
4201 a4s THES MdYdoY e eyy alou o) o sdeyaad o ]
SIsagiod iy sy Ay pawiguod $padwod Yy
v AU PUEUOIRG JO AP UONNAU Y 3I0JY O] PAAANOY \iw
Soayl swyy Aeste avpodiue ue oqu (sive g Y1 0} ppuoIoyuao 1sounw e
iy vl spuog usIoaply agy jo Juisapio ue o ANDIND}A0113) JO 1asue Ay
10 | 133310, Ay pasen) yorgw (12118 AQ aaded eonasoayy ueyuy ay)
sem polad (N Boys syl o) uotinguiued “§y sofew Y sdeyiag
saumriadw)
o) 124 01 umop 1stssad o) 'y wonezurjed ay pue IRETTER LI Y
01 unoys sem 33urya,, 1amo] ays A[yamb A1aa 1ng (S21512)30:113) 10) p2
-193dXd sem SIY1) PapI0das 213w sjutod AN oml orSAPINS M1D3P31P 151y
Y1 Ut Jey) 210U 01 Funsasaul s ] 2 V59 AQ satpmis prumpdnas Jaipea
woy pazisayiod Yy uaaq Apease pey siawiod ay) je Suipuoq uadospiy
£q payuj vapayead) ajeuasie g0 aeydsoyd jo ywawaduene jeindnas ayg
JO siIseq Y1 pue ‘(wrp) 1aydy aseyd sudappered A jo Andwwis ElTT
“1a1dwis ApurdYIudis sem anpongs 115413 3y} 19Y “dleudsse uadosphyip
[FImdnnsosy oy pue areydsoyd uadospAyp wiisselnd uy 43 1133]30113)
JO duauNd50 Y Jo odar o S JAI9YOS pue yosng £Q srel Ul paud
ProIq ApuedHIuBis sem SOUIII(I0LIY UL SIAIom J0j uozLIOYy ayj
o8y day sipeuneu)
"SuIpurISINo AN sEm Y10m 513yl saduegs
“WINDILD 2y3 JapUN IRyl pue ‘jeudtew [9pow AUo 1Y) sk jjug J1aydoy
Yum pauasasd 3uiaq ur Axanpun Ajydiy sfem Auew ut 213w SEI0w {pea
AP 1BY) 3PNV 1SNW 3U0 “swajqosd [r1dads Auew A5AY) JO WA u)
170561 UL YI0M S UOSEI [IUN IA[0AD
10U pip 33ues panuny syl Jo :::.Es_mﬁ ure padwane uaAd yaym <oay)
adodsosu 151y ay) ey Juisudans 3q 10U 210)213Y) pnoys 11 Siutod i
N P31 oMl pur dFURS SI[A0LIY PAUWI € YINS Yl speps £ RITTRETES
“01I3) N2 Y JO U0 SUIPWIL RS IPYI0Y 1RY) 10U AW 3w )P
) URS A1yd0y e )
RO PIAIASYE 21awm SAUNIOINILS wRWOp 1Y) "SAUNSA01dd 21 10§ payYNY
GRISA 12 U3dq pRY SPOYIaW dy) Jage CI31e| |qRIApISU0d [Iun o
SEW W Igdy pazuriod e panaia st adnpns (ot ) AL UYw niaqe aunb
SER gdnoy) Cpur comdisasu 1rwiduo ay) AqQ padadxaun sjanua EILAN
F UG SEW NI UIRWOP 241 Iyl 10U 0) JUNSAIatUL ST 1] pasPig Sjsno
-AurIIOds UaYo asaw sapdwes 1adav) Ay uaAd pue srjodiun s (nwre sowe
Wayl apeW SpsSaD ews 1sow ut seiq dhseja0113) 3uons g Yuno §
(SANIAOUW 1NN AWOSIYNO Y1 umop uid 01 Qe el
SEW IR 19 1241 O RID UONDRIYID UONNY PIRTIAP Y1 INYD fye)
(1UN 10U SEM 1 pur sisAfur anpoans AveX ISy ag) aprw . purjduy
UL SAYINH PUR SIANIAG IRY) | BGT PTIUN 10U SeM 1)) Hun swoe S yiry
Axadwod pandnns payinw $aa g A21ud0da) Avw aw “payj
TPAAJOSAL SEWM YU Funwaas siyy gy
1 1® aduryd aseyd jo 230AMI0 A1vssadzu Myl Jo vonsaidns as.aner
un god sew 9 pur Cadidund s vurwnaN pazes uayi-ty Ay jo uon
“RICIA awosieag B <em uonrzunjod snoauriuods jo asuannase ay | paudis
SROARIILOAUE SEM S UASSSSR iradojoydiow vo paseq Cnaww s
P18 241 “pouad {pma ayr jo 1sow 1310 PUOIAS WAWAINSEIW (RO
TR IGVIAT IO IPOTIIID ) RN IONIP R SOYL S e 1P UL o Wi
TARA UL LAy uonepSyap sunste agmis jou s e AIAYd0y Cisarg

T RIRRAR A ARSI A A XA AN
I Wy Y J... o @RS

SRR

AT
Wty

AN
w,
S

A
Wi

o

SaN

s
o
ok
Py
\ »

J -

v

«

-

¥

»




L6T

sdeiiad st pur cpeidongod pave Ajuopurt ¢ oue asuodsan Stsaperad

tssed g1 s danse of s ey e pannhar sew goga Fuyuiy)
VY anosye oy RZATLEnE B I NV (TR T ,»_..___.ac_ AUIBT]

TEA DYTY H PIZURUIUNG 310 SAIPIIS S[R3 WAy Jo duios
YINN PAUrOss Aep ag g ~FUIPUY RIS IREARUOS T PALOaT £)aa1aay
Y100 PRZGTAL (e puy o 0 quy Y1 uo paskd 5awm Cprosge

pur 8

S PO Y Ul oy TR10aUIdua pur S1ISNUAS 1Yo Surw ey

e eRa IO paRy A1 WO 1AAIN0Y IR osw ST ] asuodsay ozad
Fuons uanbdcuod pur w2 g1 w uonrmdyuoes uiewop njod jueu
we e Sl gelsa ue duijed R332 Jo asurodwr ay) jo Jupueicspun
IR MUY YD PRY OYw Y SR 1 IRYE PUR (Y6 1NOQR) 13I0PSURI) Wl

0L 1) oy
6y 1A oz
(RY 124 nyrmy

(L9 J2) 210 "o77nieny
9y Jay) Aysurdag
(59 JaY) Asuiday
(+9 JaY) Pprweg
(£9 1Y) vprweg
({9 J2Y) Axsuiday
(119 J3Y) ano )y ¥y
(9 1241 setquey
(68 "JaY) ruor

(g “Jay) Aysurdag ruog
(s J24) ginuspiory
196 "12d) smynvgy
{(SS ")) sy
(Fg Jay) urwojog
(£ 1Y) uspjoy

(T§ 124) urwpoor)
(s 3241 ayee "yoo )y
(05 )24) seiynepy
(6F JaY) smynrepy

IRE-9F NI ysudOwg
98 b AN Srglivgy

14

‘\.HN«ivnli N 8 e T
W [ Pty S Ag -JL

Ay 'QU A

Ajweg 1Sqs

Aey OTHEUINDIATY
Apwey 1IN HIIN
COSNCHN)

ey S0 QIS HIY
ONY

Apuey 2NN
FOSHITHND

ey andesog
Apuoidord wnuoas wrjedi(]
swapy

Anwe) YrOSEPI(THN)
anurwjo )

Apwej *OSHATHN)

Apwe) 0],

rInowyi nAHIZEm

Auwey YSvo

A7U0IG udisdun) comcz.f_
Afttaey azopys014d LOIGNIP)
O'HPOTHY LN

Appweg LN

spunodwed
ANYSANIIG 07

“OFUNIN 4
M OM

'y ..m.,.x..a.

£961
sl
wet
6l
6561
6561
86
8561
864
Ls6l
Ls6t
(361
9561
oy
9561
9561
9561
$S6
€561
6l
1561
6r6l

0961
o1

nr6l

UDHRINIOLG JO polad A 2)9v].

96T

A aaorad o o Ay Jurey g pappasy ag ppooys iy
Jo L g mg aeas saeadde TAIUIPIAI MY) O sy DY) u()
Auipra,
Futieuissey ayew wou yogw sdupaasosd euidizo asoy) o sdudsuen
A dguprar 3UINEW 1) “Spnposy [exdojouyrar ary jo Susaswduyg o
A Tepoy OIRN 01 PAIgapur AR paspul 21w sjogine ay | pIaty syl
ul uonisod quaied andy ayr ystqeIsa o) pannbas sewm ynyw uoga edag
AQrIApIsu0d Y1 Lq paensoqp qlavw sagies sdeyaad s Synoypp ayy
UOHPIIPISUDD WOL) PAIWO A{IUANAAPRUL UIDY SBY 1w
-dojaaap [rIsRWWOY Jo amey Gmaudord ag1 Jo asnedag 308 | pagwad
“uod, Sadswp Ing L3y v pry oyw auoawos i azidojode o) pue ‘<3nuond
ayy Apreay Sunsygeisa jo Anoypp agr ae1anas o wpodwn s sy
-3 M3R0zaNd Jo ABujouyna) Ay Jo uonnoad ayy Juissnosip au0jag
+J8INPSULIL PISRE-SOIL1eY

P 4 IHR29 td J1WeIe 8} JO UOHNIOAS

KA LT (T 'J9¥) Aysuidyy
J0 Apnjs UOMIdRIKIP voNNAN ‘13uueq ‘Jaseay 6!l
sapnis Juysums Fs6l
(17-6€ "SIPY) 219N M
215413 3jdwig sel
(RE "§3Y)
s38uryd ampdnuig UIPSNOA d “Aey ‘4 'H 6rel
(e
Aojouawouayy JY) ANYSUoAd(] 4 Y 6t6l

(9€ J2y) uosjoyaIN
pue ‘uvosiuuaq
'SS01) (st JAY)
WEILINGY FET TV [P ITTAN
iFY )29 1unv|g

AUNPINS uiewop [eoud() Jaddiy uoa ‘seyungy ft61
(£g 12
S{TISAID afuig 21N pUT seiynnpy L6l
. ampans miski) (If 39¥) medapy 'H 9r6|
tourd (¢ "12H) dingswery 9r6l
m
LYIRIRETEDTTE N I TR EI taddipg voa 'y st61
EERLTSTLITY
tOvrg paod 3uneiado 1y (6 ) vy g Ny
(]C J2H)
UrWIPION pue I
‘OrH 1L Py rwedo (el
» 9 1y o)
:u>:ur:_ LLMUY LGN LT L BATILVY 0rpl

1Poudg (g Apeg) r1g anysaosag AT SI9RL

SRS CIARY S

CAC A "o’



-\-1\ .f. o, 0 TN

66T

WEOYL PSP 0D SNPN RINITER f—:_.—.:.a—x JO BrMng FUONEYN
LGS IYI0NeY pur g A yd3nonp panmey 33w wan s uon
OQUIY SHP U OO [0 UeiwIo) agr 10§ dgeins Apruondas
DA UINAS ]2 YD) PAYSIGEIN YOIY W 1AWy CSapigs oy oy
HIA 247L w pading s L_UJ:—JI:_.__
LZd 0 wawdopsap ayp o onpondeweg pue o Il suvayg | ovep
AP U durnyg vy :_d..— UL RO POIEY SPR CWAINSS Syl o) wesde
AP aseyd ayn o Ao ayp pue aleuodiz peag jo ameaadnay auny yiy
INJAN 290 PAYMYPISY gOIgw WS LS uonnjos  pros YOI744 O dd
A U pue t(O1)ad and uo om dseg ARy A3 a1 Jo awog Ly
-eodde rnuajed 1o spunodwod anysaosad 11103)20443) 1aY10 uIwexd
plooys adoad geyy oRpauil Mwviad paseg Vel dpdwns ayy o
S820568 aptw Ayl Jnwmoog “sosel 1IR3 Y UL PINIRY SAIR) SRM )]

swesis
SHUTIBY IIIDMIOING IO PUB OIBUTY | P SIBUOIINZ PEE] Y| JO LOHNOAT

YA 2AQTE UNPAAS 1R 3SR UL NS SIS
210W YL JO OWL PUR CSWAqoId \3Y) JRIAIIR O) PALI] UAAY ARy suone|
ndiuew vonodwon jo 1aqwnu v oS wueaas euein and ag o A0
WO LAY Yiw paenosse Juijodap iswede apgeis ay) pue toigeg and v
uonisurn aseyd ) 3y dussioaes) paedwodoe yayw Jujodap puede
Anpgmis ayr asmdwin 01 paau vas v sem 213Y4 L suonedydde Asepyw
PUE JIND Y104 JO 13QWing B Ul PaYSIgmIS3 (| 3uiwodaq aam toung
[ R VRS ERTITI LI TR IR TRETE VAT IRTITILIE R BRLY) Y IR T (T TR - |

s SPOWIAW S0UD-PUR- RN 4Q PAYSIYRISI Auidg uonRnwiIo) [enpraipul
Jop summpuos wnwndo ay) enualed Juiseig [rgueisgns ® 1apun ) g7 e
ameiadwal aun ) Y ydnosy) <aidwes papo1daga Juyood 49 0o parued

TOHUR) ¢ OUYd ¢ Ot UOSEN M Fs6l
YO o+ onry JRSINY TUnodUIag sl
roupeg s
-ailwis ur Sidupaporad
aind | jo uonrasuowagy 7121 "undse ) 0s6l
u:_:a:.v
WNLRG UL D3R MI04207 M1 AOURYZTY A Y A6
ORI YOLRY
Ut 133]1a 2AUDNISOII| uoseiN d M Rt6l
Oy Augris CoAjod 2Py Yy
CIRREITEIRIETRETENYEIN| LS TEIV S T Y Lr6l
arury
wnurq jo <aniadoid
0D 0zd pur M) SUAqoy S L6l
O trhlad)
[LRSIATITREIE AR TN SUDAING CuRysny ot6l
anpauenp dmyow s {riry g b stht

s1aapsury) 595.2 ::.‘2 —: uog o __> .w_m.:_.

i\\-\.\ LA S S N

A PN A

867

Arensn sew quiog a8 aesd AOUR0d 1IN P UIRUIr 0) s 08 Passy
oad torjeg Aad1e) 203w PASIE SOWEIAY AL SHPOGS TSI Yy Uy
TPIAJOSAT APANDIPA s ASI00un
i eyl 243 pue nedse ) £q SpsAn aiduss aeueig wnury paudiwiun
Ul AU133120751d 2and JO BONERSHOWIP IR A13A YL [HUN Ja1dw0y o
sew ) caseyd DUI313043) 2yt Jo ANdudaaozad an 1o aseyd ad vooad
Y1 JO UONOUISOANAR pasmiy-uonezuejod snoauriuods sk Y paglins
-ap {jaienbape 318 rudwoudyd ay) £]|eal 1nyl pue ‘maia Jo siiod giog o)

f-vf_r

IISW YONW SEM II3Y) 1PY] 23S URD auo "aaldadsad juasazd ano woiy

-J3 3Y) 1ayiaym o) se pades J:u

IDAPUZAI 10 IANDIBIN0I3]I SEM 103)
AOJJUOD AW WS 10§ 1eY) usudins jou

fo1IPg W sIpOW (6 J2Y) vpRItH 16l
YOAND 1o jo saipmig (£6 'J3Y) SunN 16l
AT RIGYTLETRRITIE T | (26 "1°Y) uriyg oLel
606 "5)3Y) N2ty
OO Py Ut (68 J3Y) aoqlueg
AN0133130413) sadorduwi] (88 J2Y) 21id o6l
CRIFTRETEIIE] (L8 "J2Y) AojeAnyS 6961
1P JO uonedISSRYD ol
AnawwAs 3191dwo ) (98—+8 'SJay) N7y 1961
HTOOWIPY
[TISIRIITREIENITET] (€8 128)
Ldeygnaag ., SUILWN) *BAOYSNOY *SS01) 2961
'OVLBS Ut uonisuey
3 901 pu® sapow Hog ({8 'J2Y) Ainalyg 8961
'ORLET TfO4NTT s 1y
ut va1aads urwny AOuIWeY ‘uolsuyor 1961
'ORLY OWS
ul v113ads uruiry (OR J13N) Y20p0p ‘Sanaly 1961
dAN v naads uewry (6L J3Y) VOWR(] ‘MoviwTy 1961
(RL )2Y)
rogrq Adeang ‘uvwnHIy NN
dAN OHS A0 (L PRI O o 961
AurP (9L 1Y) YuE WO
G RIUTLY ‘UMY AN Jazndg
fOURE W uonewijue)) ($L "J2Y) "weyNutg 1avieg 964
Juuanens
vonnau Ksejam g
fOUAS W uonruLlu) (rL )2 Aamo) o 6l
O rg Jo uondisdsagg (L L 1Y) vostapuy mel
APOW Yo gy (TLTL TSIy Uviya0 ) 6361
o T auang qliyL o Mﬂw._,._y YT

0N _ s %

~oa Ay r
.. fﬂf-v.rf-nv- . u»..-.-‘c A

-(\-.

RS

NN

LA A
{'S-"-N

g

ﬂ-f
>
<
)

"N a -
."a-r..‘-,' by

- o
>




5

b

b

5 .
: .

b &
w N
b P
: o
N ;

1oy

00¢

ey

’
PEALY L L BE  HOD gy Sieshi) wi uotpeydde apoads o) omiadord snoadrurape emduo oy sope o) Lo
IMANIAY JO HOINEHAG (POI() AUN 10 DB LIPSO UR O 1IARNT AUl U $19N04 R SN INURW IMPSURI] IO i A Ja1e| e “dvond ) Ayt ;»L iy .\\-
(08811 201 OF 'C aduvsg AD Wi D0 NG $IIP 4 PINPDUL YIM S|P . - g
SAIY IPIRAYLALE i AN G IR0 (0 MINSSAIg AQ WAWdOINS(]  AUn) d PuB aun) v papopdya VIO o sew s sanadosd RTRRTRITVET IR ITT BRI 'y
tregi) o) uonwndiuey U 20p Supginay poar | Sgeop,, sigr gsnt sog -
Pl SOZ L OS rubingupd  SIP Y 10 AIDNID330IA4 10 LONRAIISTD  IAISMAIQ qQ, .:::.; rOUIrY A ut ..._L_r/_:_ 212D PNOW URY) SUO) _:_i:? TRV -!
102Uy JO A3und apew 4w T giew spew 3 ued sapdwies Ky csisasydiy pue A
( o S 3 da N o R $Aadoad J0PNPLOIILAN YL U1 BONESUAIODIOINE JO JIRSEAW P Sapia A
SNPUL s pUn 18 7 Y SIS ) AT S I W
!INIPUL serepue I ur K 1S100) ) Ul (I S e -oad (4d a3y o aneu aadng sy Juscalq olew B ag 01 0o pavang [ g
DRI A0 PG IYL SR PEIYE SIEIL I BU IO APIIGHROPUNL (W S3dueape A Lo - A x
: SAPIGS JAIRY U1 SRY SIHURIAD 33y 4w SUIRaP Ul 3SIND 1 3q 01 PaadLay .
(R TELLN SN R (ITANTEY T IRTETR R EAPATIY I TSN RETVTTER PRIV I BTV IR TR EYRITY) :

TCIMHRY CSI0ISINAT AP0 IO I DIAWIIINYNN B U SIS 1)
Sgopy pAopRAop Judg st QDN MURID FUOISUAMIP-20Y) gy w

Arwduo sew yoryw aimiadway Suiwiog ags e ()dd Jo anssasd sodes
Y Ayt mys S OI7494: 094 WRaKsAs ay) jo 1a0e) Junsaiam augy

e

3 K BBV REIE &I BRTTTRS ’
U UDNEZ BRI PUE uoneiEiaun jo ade ue JuAIud Wou S pur Spedap S22 JO WAPNGS SNOLIAS AU 10§ JuIpeal [RUUISSI 1 XY Sty | RRUUDES ] w\ A
A1 AU Ayt Junnp appras papurdya suonespdde jo 1aquinu ay) >0z .7:5. ) ur uanid :uun ey Yo n:t o _._J_.:u__”_c uneaae Pl e
312 0081 k) : ¢ : i ) N ’

, ) PRANASID 213N Napia W2A5ND Uy eAWdOaAdp Ayl Jo 1way i 1 A1am dnosd jeqs v 1adnary £

CPUP P IYS A0 Sa410 pUr ()1 UG || IEA PO JO PUd 2Y) JedU VM PUR IRISINY  CUOSIAN) Y Y CLNONNIRG ‘g I Y00 § A X

ALY AWWIDY SNNIIOLY Ul AW JofRW 3yl g Sirs 4 agnjos ‘apwr @ ayRr TH JO SAWRU 3yl Yiiwm paimiaosse saiprig ((dnoad ysmag plo "

..Ju_..s ,“_s_ ,u:.”_.r_r:z.._ :um..::—,_:“_ﬁ “:“_.,r...:x_ —“:M. ‘__,__.,w Au_._..EM:z uo u_,: wou) _-,_uEac_u?Jv ) »EEE:U u__,au_.b ay >_:_m:uu sem 1Ande sIy) .sv..w
: Junia RN NTEE RS ITTRETEN Y £ . : ) : . : ;
SRS U o1 pRardl g .._.uu_hup_b__mw._“:...“.._c_”_d_“ M .;w wor 10) 331U Jolewl AY] PUR SAWRIAD UOHNOS PIOS DIRURYI] PRI-NRUOANT Aty

. HRUE COMURIANCIINALA Ay § " pea A yiw sem siseydwa jruawdopaaap sofew Iy ‘siedk uap pxau Pl

S10d ol ©oaop unevoae Gy saitaay suaudew pus sjruaew Jutdeyoed ayt 1A ’ ‘Surjod 10§ 3surptodun s pawsUO> Aldwe aAPY SAIpAIS e

Ui AUOY S2IAIP MU0 PUP SIAIAPSURIL JU1RL02td 101w 1U33a1 2100 ‘Pue Ammpunoq sdosioydsow 41 et suonsodwos 174 N
UL YR THIOIIRARY JASEIIOW UL PASR 3R SR M0 10§ 3SUOdSIE UL WINWINPW IRAJY € MOYS SIUIWIINSEI 1SHIeS 24y e

! ! ,
Amwung duruoduit jepa jo sew yoigw ssadosd 3ujod ayi jo asnon »

“woneadde pazipidads ameiadwa) ajoym 3y 130 aTuryd aseyd Ayl 01 35O ATIS 01 O panoy "

10 quio | opue yosarg £q passasd-ioy s ase Agepunoyg YOGNI(S eN ._.“ h.wnm., u .faﬁ::.cn adonoydsow .-m.._uqz_ao&wu-.:_.u‘_z_a._ua—:mu_.. Ee Ll :.ch S
SN YL IR SBOISOdUOD JIW SOH12)020d PUR WALSAS UONN|OS pHOS UOIIUANDAL S APRL SEA I IAINOH g, Futjod Bunmiior) ur aduryd asey Sy

YOUANN POSNTN 241w Arpunoy sidosioydiow v o sauojeioqe) jjag "ol ANWINOId JO anea Ayl Jo uOIPZIRAS IRID AW IRYL IR SEW 2aay ] .w-.
I UOpI(] pUT U013 ] (g UONRNSUOWIP Y sem uAWdojIAIp 18] v Yaurasas dumiad0zaid wr siseydwa wau 20y B pateniun pue voteod Y-
uonmdde pazyeidads Auo punoy sey i Q) [EauTY> WO UONIRY AOW RETy YL IRau Funyd Iseyd IUIIII0II-NNII[0113) ..r\ 3
A MO) PUP CRATSUAS AIsoIpSy YTy SHOJO ASARIAg Ydawasas aged IRUORIII-[RIPAYOQUOYS  Juapuadap-soisodwor Ayl jo  asurued 3

SPruo o pafgns ayr uaag ey b ydnoys pue tssacosd 01 qwesad ydno

PN AgourIng oyl {arrunpogay anade pip {epunoy ddonoydiow v el o ..w.y 3
POPUNTH OPUNGA I €8 Ay un eyt pue caes auaRozad {[Juons e MR A .Na.
Q1 pPajod ag PInoY ARYOINTIAW PrA| OIRURII) IPY] PAIMOYS UIRILG 1IN0 ut SAWRLID ILIIDI0731Y CITNOO) Y M AR H 1261 ..”\O.
MDA RN 4R SIYIOWOD pUR Iwd ] AQ pur urwpoon) £q st . v g 1 uousdy - } i
PSS OTYNUG O w_,_..z_ spurwpoon)y oY) ur san1adosd H1no3ja0sia) OANC ™" "N) Ul N A uouagy 6361 \.\.J
Fuons pue Fuusaae agy [ A3A00UN UOIE ) Qo) W urwpoon $q O'9NAd UrWPOOD) 1) v6l .-Wh.
SAPOIS STyh| UL IS I0IN JO OS[R 2IR PlaY S[RUA MW Ayl ut suawdo Bosaan) - "
1233 13410 0N NG SIUAWNI DNN3I2070d UL S0 Aseq uoiIsoduwo) wonenWIo mosag ...h,w. dx,z o _.-.. -
ANrsias pue qurpodun 1sow g1 se Apwiey g1 74 Y1 CAlpagnopun) 51 PaOW mZ...::: ¢.> - _;.m.. a w u ") » 5
17§ 350Ul woy WaaRIp Apayanw jou ae 1Zd pautpow hnjoAy MUl CAier H ss6l uu-v.
sansadord ayr priauad w sanap agoads ur sadrseape (eonoesd moys NTUTZLITIN .
OP SPOY Mau Syt |0 u::FQ:u::::( SIS AS yons Jo :C_:.:D_rmxv "N £ mpunog u_r_.:_.:—ﬁ‘:ﬁz 1oy S Y Ay g ty6l _-t A
YW PO B sy urdep o ur oW UM PN Y O0Z49d4 OV Ad - . !
WAL Ayl ppew 0) SIUBsodiod PRy SR PAN AQ PINDYS sRUARW TOILIZIaE ut g pue gy wondemes 4 ty6l A
T VAT M AL o saquunu eyt jeangeu sdeysad sem ) uonisod SBONNOS Pryos OO IZ Kd nNZng N ‘aurnyg o) v6l .
o ooy o spunodwod suysaosad dunnmgor-pral jo Ay adin) oF
Popaptanad saget 1 W i ouosdy pue upuaows Aq saipnig RACER ) N
T tOrad TOMYSOY (G Tauriiyg () el 3

£ papraosd Se s QUIDYOS UOE IMIPOW dY) Jo AuRw 10) SIseq Ay [ seaae

CIAIMMPAURIY ML) MINIZNG JO UOUNON] (1A 9N

HNASYA

?m...

s v -unv 4‘ .}j
o....n..... e .o...”. .1..:..0

- -

\




L vap ol Mok BN Sad Aol Lan Sl Sak Sal Saf Sl il Safh Sal fad Lo

tOg

13UPIS URWIPY PAINDUI PIFHY HNDNT UAPIOK ) | GPUR CCIIOM W [ RLLERE AN
(8961) 90-S011 112, 02 69) A3y SAuy  Od'HM
W BPOW DUI3ANA013 4 Ay 10 duapuadag aimeiadwa). voweq J 1 pue mounuey ¢ .wN
€961}
ZG-9v4 Iv) 11 w21 ray sAug SieisAi) adAL *Od HX PuUe 'O11Pg 'SP Ul co..m.wwwo

MUOW P 2 INE0 10 SIPMS 3anepeny) &m\.aw ¥ pue ‘uBRWLIBY ¥ O 1AW ) Ha,
) (r961) 64 £1EL 1v6)

el a9y sdyg 'Orgeg ieisA) b ut UOIBIBUDG HVOWIRH 1EDQ, 191/ D I:_
(2961) 120121 51 921 n8Y SAug .“OrL PUR TOIDS OIjeg W

U0rs13dSIQ) PIRIUY 1B YUBMOM I | DUR ‘UewRIOIY ¥ O D2 D Y P0G 9 M,,
(£961) ¥9- 1522 (6] 9€ ' sAug wayd r . awny pue ‘Aeyng SGNu:_. “aleudsoyd uaboipAug

UNISSBIOY U0 SIUNLBINSEIW DA PBIRIUIB S "WRYNI] W Pue euey § v,
{2961) 651 ‘8 "u3T Aoy SAyg Bieue)

1 WMUONSG U 3pOKY udO 3Si3AsuRIL € 10 32uspuade( injesadwia) ‘Aapmo)) v Yy,

. 8361 s9q
“WAIBQ "SIMINBY] UO SBIUAIIUOD MOJSOW Byl 1 PaIUasard Jaded 'LOSIBPUY M dee

. (0961) 06-£8¢
Ivl 8 “shug Apy Awdudaponay o Loeyy sy pus kwqeis reiskn,. VeI M,

) '656%) vi-21¥
181§ " 427 40y sdug . Auuideid0183 10 41084 ) pue AmqriS |eISUD,, "URII0D A,

{£961) 09-8S61 '9§Z " PUAY 1dwo?) 'Santuideiv0sy ap 8sSeld ByoA
“0U Qun WA P 13 SAues SaN sauuebueyy 587 Bue s | d Pue 1BIICY 4§ ‘;neusg 4 3

. ) (2961) LE-9€0Z (9] 22V 8y "Shug 1SS W Kyouy

201901184, "|9d0NY M PUR 1UISIS0H H 'BUDIN Y ‘ZIM T M 'OXIQIBH M 'OZZNIEJ Ty,
(2561) vee26 12l ot * 208 SAYg T . 'sreiphyul piUBAI0)

-194 WNISSRI0G W ANDIND3190113 4 . ‘IMESEM| | PUR "e| 1 W WSEARQENH H THBM Sy
(0961) 966 I¥] £11 “aoy SAyq . 'Bieindson

4., N ‘W pue ‘ozzmey uﬁ
(6561) 0£—£2Z€ 12) S11 A9 shud ,*OS’H ' (sun

-AID) 10 BSBUG 1I1281B01IAY Yl [0 IINDNNG (BY! 0. ‘WepsA ‘Y pue Aysudad i,
6561) 81-2121 _M_ w11 a8y SAyg

. AN2213013) Binje1dsdwa)l wooy MAN “(FORS)I M. 'wepen n pue ‘Aysudag Hso
(8561) 65vS1 [21) €4 “vdr d0g
SAUG £ .. CONY 10 Il 35eUg 3 U &iudajaoiay , ing § PUR "RINWON 'S .avm;mw She
] (8561) t2—02€ [6] 4 "wa7

A3l SAud “ONEN Ut Au3i135130113 4.. 'BPIYSOA | DUR 'iing G "RINWON G ‘Epemes Seo
w%m: 01-8051 IS] 111 '48y SAyg 'P1atg BAIDIB0D MO) Ui MDINB018 4 MAN

¥ ateyns uaboipAy wmuowiuy.. ‘eANO A PUR ‘BuysOH 'S ‘WePAA Y ‘Awsuiday Imo
1S64)
629 ‘81 ‘'wimpey shug r '3ndeiog e| 8p anbioaierg 8p anbydQ apm3, ‘9110037 Ao
(£561) 2221 [9] 208 " Ay ‘sAug

81800rd01g WU WNID(ENIQ 10 AMNIBI01ES., "BWawSY d [ PUE 'SeyNep | Boo
, (9561) 28-1814 [p)

T0L '8y Shug swiy ayi w AIDuID31901:3 4., 'BUBING 'O pue “Awsuidag I ‘euop des

] (9661) 9214 Iv)
€01 A9y SAug . waisAg anuiagbue syl ui AonIdeI0Le.. Axsuidad Y pue ‘eucr uw«
9564}

22ENV L 0 285 205 sAyd wy png . anuewaod u Aoe|aone . upwsploy o,
. 19561) 292 (1] €01
Ay sAyd CBIRNING wNOWWY W AIDINDB0N9Y . eewsy 4 pue ‘sewlep o Sas
19561) 05-6v8 €] vOL 13y sAug
‘aeyng aunki9 jo :_o:um_wo:ow ‘eNowey o I pue 18N 3 D 'Serynen 1 g .
(9661) 1611 (vl 901 "oy SAyg 011281901183 MIN ¥ "BIMONL . ‘VOWOIOS Yog
15561) 9tG [2] 86 “A8Y SAyd .'SHNd21AD8
10 SSBI) MON. BIBWAY d [ Pue BN M SBINRW | B UepiIoH N Yes
) (€561) 2¢-89€ (1]
9€ '205 Wwes8) wy r 3PQOWEdN PeaT j0 S31ed0ld ND8|801s8]., 'URIPOOT) g
(2561) 92v1 9] 88 “ney
sAug 9Nl NG BION|Y 10 SAPIQO Ut ADLIS|B01I0 4., ‘IYET SUBH DU i 00D Y Zﬁ
1561)
601-901 (L] 2@ A8y Sdug ‘saweiuey JINDB130104 WON. "WINK N T PUB ‘sewueny L 8
(6v61) 28-9881 [21) 92
Ay sAug BINIINNG BHUBWY SY) U1 ANDNIDB|B0BY . eNIeweY [ PR ‘Senleyy L Qs
16561) 806-£06
v} & ‘31ei5 prog- shug 708 | °0e1947ad Pue SOM?4"9d "OMBW Gd il ‘vonsodwo)
¥31dwo?) 10 SIIB1R01B4 MaN ‘AOdNSL ¥ () PUR "eABNSAOUOIGY | ¥ HSUBIOWS 'Y (3%
(6561) 15051 (L] 1 a1eis pyos- Shug 405 't °0(%8.18) ¢ v odAy eur jo uowsoduion

~OJOMYNS] WA 1Agiaenag w Aoy

xGWOoD JO $11231901134 MaN eAensaouoiBy | v pue | ¥ N ISusows v 9,
(8561) z8-08€1 2] € * sAyd oaL- shug A0S . Spunodwo) xw_mEco
WG J0 SIS0 PUP UNHETZIRIOY INIINANQ.. ' BARYSAOUO. | ¥ pue ‘WSUBIOG v O,

20t

16v6Ll LE-0EY (€] 92 “18Y sAud . TOM 10 Saiuadarg Jualdona 4. sewnen | 9.,
11G61) 62-£22 'T@ A9 SAud . Saleq

-OIN WNISSeI04 WNILIG |0 wo.:go_& J0129131Q., EXIIWAY o [ PUB ‘STglepy | B,
(6v61) 1241 111) SL " A3y SAug 'SIBISAID) DUIDBI30HA4 MaN .. Seiylewy nh <8
(5661) 9p-Gr¢ (2] 001 “4dy SAug *Oi)eB Jeu

1a] 10 sisAjeuy N RIS a1Buig, Axsuidag i Pue Jauueq H :3seid ) @,
(¥561) 86-069 (9] §8 “ray sAud . 'sieishiD

3burg CO1jeg M1091B01AY 1 SUONOW |[PM UIBWIOG PUe UOIIBWIOY URWO(Q ‘210N M,,

(2561) 22-12¥ (2] 88 "ray S id “ONEG W Sawadoly e TN Moy
{9561) Ey—8¢6 18] L2 ' SAug 1dav T 'ssauwdyy
e1shs) uo esuepuadeq SH pue fQIle@ NDBB0NBY W Bun] BudIMG _.:o:. Mec o
6v61) OV-6104
(60t) Oy ‘ Bew sowyd . 'sieishin) 9ibuig ajeuen) wnueg, ‘UBPSNOA d Pue ‘Aey 4 :mvm \
[§

£9-0v0s l60E]l 0F “Bepy sopugd 't eleuen) wnueg o AoByL. ‘BaysUOARg d V¢
(6¥61) ¥02-661 'S 20§ Hud 5PaT D0id . 'SIEISA)

alpURH| WnuRg (O SHIPNIG (BIRAQ., 'UOSIOYMN W Pue ‘uoswuag | ¥ .mmo.\m 3 g
_ (6¥61) BE-SE ‘2L #iy SAyd Ao . 'sieishi) ebuis aie

-uenj wnueg o ! § PUR UOY d.. ‘29 M pue “Dizueen m seuneld W,
“(BY61) ¥8-92€8 [11)

€L Aoy ‘SAug .'ereuen] wnueg jo siEisli) obuiS,, (9ddi UOA Y puR ‘SEIUNEW B,
ALvBL) 12522 ‘0T wioy sAud ‘AN . spunod
-wo) wiuey) woueg o sieish) ebuig. ‘ZiIew M pue ‘seyuen g Jeulelg :m;:

S8-+8¥ (8E6E] $S4 (LOPUOT) BuniBN 'oleuey ) Winueg o 2INANG (RISA). 'MeBay W,
(uerssny ui) (SY6L) EP—6EL 'SI 'HSSS SAud 208yl dx3 [ /OjeuEN) wnueg o pue
S ( 19G) 21081801134 0 Seiedold JueIe] eyl ‘Binasu) >.n )
réi

099% ‘Gd ‘00€ 108H 'PL ‘AQ DHAN SINWEIRD IUeISU0D I8 Ybi '1addiy uob .xmm 0
-weides ‘096 98Y Z ON ‘1ed ‘SN .'owes Bunen j0 poyiepy pue seonpsuell.. ‘A1 g,
(uerssny ul) (S¥61) ¥SL ‘9¥ 'YSSS WNeN pexy (rog .. dnoi9 puo
-20G 8y} jO SIRIOK JO SOIBVRLIL j0 SIUBISUOY) JUIOBIANQ.. UBWPIOD ‘W | pue ._.i_, ‘w .mm«n 2
e Vg
f1] b " udr 208 ‘shud r .'eleuent wnueg 0 eburyn aydiowkiog UQ. ‘emi [
"(E¥61-8E61) 01 ‘6 '8 "ON SBOday 0D ped [PUONEN
‘uorsing Buunioeynue skony ) suoday | 13 'UOWOIES ‘N PUE JBUIBM '3,
(2€61) 61-£121 ‘99 'FIIV, ‘SuBJ( 1eU0S AQ LONDDIGQ FUIBWANS., IBIBN D V.,
‘(€661 12r—L6€ [2v1 1] vozZ '(UopuoT) 205 Y 2044 . 'SISBUIUAS 1BuURDY AQ
ejeydsoud uaboipAui 10 ApniS uor Q UONINGN V.. ‘9SE8g S Y pue vodeg 3 O,,
(1161) €691 (1] 8 "SAug ‘WeyYD T ""Od*HMN W1 uoIIsUES) &g 10 TO LT I
(0£61) BOE-90€ ‘#L " ISUN 2 .""Od’H) 10 01ndnuG [eISAD . 'ISOM T,
(6€61) 691 ‘L1 ‘®iov SAug ‘e .'SI1d813 snaubias maN.. ysng ©,,
(S61) BE-282
S MON V. 8:8YdS d pue 'yisng 9.
‘0S61L HI0A MBN ‘Pues)
“SON UBA SUUOSEMN v m:O:ﬂu.-GQ( na3y) pue m_m_wtu JU08180201d .Smuﬁ d &A.
(vG61) GEVL IS} ¥8 Ay shud  sieishi) 81buig eg
BlIBYIOY |0 SBIPNIS LONIBIYI] UOINAN.. ‘ANSuidad | Pue ‘UMoOMOW W |rei4 D nw_. )
.£64
65-152 [696V) 221 ‘(OPUOT) 30S Y 20ig . (OH" O H DNEN 3ie:pAyena) areiue) wns
-SBI0d WNIDOS) IIBS AAUR0Y 0 IS 1e1shi) auy . seulng m pue 'sianseg v O,
(261) 2v—¥ (1] 1S 40y SAug .'NES ofaudoY jo wstdiowAind.. ‘ayer H,,

3

‘€2 ‘ssmnien |, ang omda13

( Yy w) (E€61) A3 S AOIRYUIINY A g,
{ov61) 11-608 “m_ 9S '48) SAUJ ,'Al IBS BHBUDDY 10 SOIed0IY. 13NN H,,
(ov61) €L 9] 95 "oy sAud S 8NBYI0Y j0 S8Iad0ld.. 1IN He,

(0v61) 6€-628 [6] ¢S "0l sAug It HeS 8118yd0Y j0 SaedoId.. PN H,,
(61} 16-6L1 (€2) 2y “A0y 'SAyg 'S 9)18yd0Y j0 Sewadoid.. IBNe H,,
(1661} ¥2-0202 'St .ww\ J01g ."sauoud
-0 PUB $180NPOXdY (BO1I081] 10y SIRISAI] | 76 BYI9Y20M 10 0SN Bu) . 1dkmes § D,
(v261) 89-095 [G) ¥Z Aoy SAud . yeS 8oL Iy w v 181].. WOSeIRA
(zZ61) ¥9-6£9 {51 02

‘ a3y "sAug . 13813 NIVI0TA B O} FIIBIOY HES ONBYI0Y J0 SAIUSA0IY.. ‘HISBIBA Ty
(2261) 16-8L¥ [S] 81 " 20y

sAug | 'SUOIPUOD SNOUBA 18DUN HeS NIBUIOY 10 ANAITY JUIDBID0ZOIY.. HISBIBA I,
(1261) 18-Sy
o] 8 A8y SAyg 'WES 9118420 W1 BUBWOUBU PaNY PUB AlIDUID8IB0Z" 4 "NASPIPA M.. )
SL6L

6v-1¥1 [¥ €] @ 'S211201004184 APRD 'O M I0SS3J0Id UM LONESIAAUCD. Buel v 1 S

9061 ‘wiag iaugnel O g widoyeISy 18P YINQIYaT SN0 4,

-nq....-\,\.-- A
G N4 ..\._ -a..-p.. (X

- D.,‘.\.ln ) Gt .., ‘ LR .......‘.. o

Cad R R P . ML A MR

'y W 7 2 ¢ 0 N e e, .
@



SOt POt

9t 205 weis) wy { IRAORIaY P 10 SELAdOIY JUIIBBONB S . UBWIDOOD O,
(8561) 28-08E! 2] € ' SAug 428l shyg A0S ‘spunoduior) xardwon
WO |0 SISS0T PUE LONRZURIOS 21193 1] 'eABNSAOUOIDY | Yy PUR WSUIOWS ¥ O, ,
: 1961) vS-ISE [22 oN
e ddng| g0t (wopul) Bu3 2843 ISuj D0 SIMWRIBD . LONNPUONWISG, ‘Bl M,,,
1261 'UopuoT
'$S81d MUBPEIY  SHURIED MDAP0Zd1G B! H PUB I 'MOOD W M ‘Buer g,,,
- (€961) ¥8-6.6 {¢] ¥T 'SPHOS  .9UD SAyd s
-WEISD IeUOINT BleUeH] DEBY U1 APANINDBUOT 1BIMIDBT.. 'SRl H PUR 'UOSIIO H,,,
(0961) €2-022 '8y ‘FuI 20id . 'SUOISOOWO?D) DIBUOIHZ -BjeURY )| Ped]
auWRISAIDAI0G 10 SAUICOIY MIOBBOTBIA.. ‘BEl H PUR MOWD D 'WNOUMAG (g,
(0561) 89-¥92
‘2 weyd Bul pu 'ses0ding [BULYIBUW-GRINT 10} SMURIID BIBURH] ., ‘IYET My,
‘e {SS61) EF-6E€T 'SS ' PUTIS NG UBN SoY [ . DleuRy
F, PEPY-IRULN] DES) PUT BPIXO U1)-9PIX() PED)-1BUCINZ DEDT-BIRUBY ] DED) SIS UOUWOS
PHOS gt Lt o ¥ d 10 d. ‘ONNZ/eY} S PUR YIoY S H ‘auer g,
s (¥561) 01608 (9] ST ' Shug 1ddy [ .’SIUreIe]) UONNOS DYOS Sleuen)
PROY-SIRUCINZ PR O $8LBd0IY JUIIROOTONY,. .4_5: c%?a Som_ S U Wer 8,y
by o?n "udp 20§ $AY, 01294

LA S

e

W, o .
»
w

A

o w k (€561) 62G19 ISl 9 id s..ﬁoa.m»amu
[ SUNHMOS Dsm Ut ARDUO0Y v T 4 .-‘Q..O. g
y (Z581) £1-2t [4] £ "wdr 205 sdug T .'4pms kerx 1 OIZad
[ S PHoS U oSBUd. EPIYRY Y PUE DNINS N SURINS Oy,
{2581) 115 [1) 2 "vdr 208 Shud r . Or1ad 10 SvouELEO) KeWS 1 'OIad
put Or7Ad 10 SUOHNOS PHOS U1 SUONISURY] 9S8UJ.. 'EDeNEL 'Y DUR ‘SURIS O,
(r$61) 202002 'y
‘BENIy |, SRISWIDINSEOYY 82104 pue nEoﬁ»w UOISSIUSURI] SABAA IRV '$J90NDSUR)|
w ) SppUeH) ueg els-eunj pue ..:.3!00:.—.._. 10 93).. ‘VOsEN d jmn@ )
A i

€1-60L [9] ¥Z_Wy 20§ ISNOJy 'SINOJ UOIISURLL 9SBUG W SYNS (Riueisang Buwoug

- Saosos COHLeE 1o SomAO08iq T3 ST 4 BUE LOmon Qi
; ) (9561) €S 'v-INDd suwy

3y . N W /1 4 u 9 4 uaoey.. ‘UnoRmIeg .
(0564} €9-2001 (9] g8 48y nuuu....g.a D wew

-0Q olwig E01 10 10 J0NEYEG ROBUIAWOIIST L. ‘TIA T M PUR ‘URdSeD 3 W,
‘SY6L "WOA MaN ‘PUBNSON

- UBA SONOSEIN) Wy LONRINADY 50U ) PUR S{eISAID) JUIDBIR0ZNY W 062 J 'VOSBIN d Mg,
(L961) 20-186 _m: TL Aoy ShAud
_ajeurn) wnurg SUHRISAIDAIO Ut 1063 J1IDNI020.. 19Dy W PUR i ﬁ. )
(118

Lr-9E11 (6] WL "rol SAyg Oreuen] wnueg w 1933 SAIIUISONII T, 'VOSEYY d Moy

095 98¢ Z ON 184 S (1 .'aweg Buinery 10 powiayy pue 1ganpsuen, ‘Aeiny g W,
(L481) SS1 'v@ "y shug *Oreg

2Qn7 U1 $9POYY YOS 10 Apnig Buneyeas-uoinan . ‘sutnyS © pue oxy g ﬁ..no!.num [
1L61) 96-162 T

‘SNIDRR0KBY "TOGN 10 SISARUY BPOW 10, ‘AURIG € PUR ‘oxy (] [ 'SAUNN I Yoy

o

4 (0/61) 85-G51 °T@ A8 SAug deueny
£e2 L1 SBPOYY MND 4 4OS.. © Y d  PUR ‘epesel [ '9Xy ( [ VeSS D,y

10461} 902 (€} 82 "vdr 20§ sdyg r . souseleonay
10 ueng 3dS 0 UONTINUIOY Pue § d APIG 10 L Q.. "Iy W,

(1264) t1-108 lg] 1€ vdr 20§ sAug r n..ou‘tuo M1D9180119 4-MSR|B04i0 10 SALO
-do1d 1eMdQ pue 'TINI013 J0 92UGPUIAIQ-AINIGANWSL PILIBIL.. NIIY Nog

65:&.0—5o__.u—.e!mui.m.icnSw...o_gggcxoonosgm
1221001004 8y 0 K00y | Ud.. Al u.«uc-.ga. mn.m 9 ot_ 1
0461) 089211 (41

ST 19T ABY SAud .1GEA PUR USQN Ul UOHISURIL (RINIDNIS oY) 10 0By . .o. .w..
0L61) Lv9E

‘02 { iddng) udr 508 sAug I ./AIId31801184 10 S109dSY AneunuAg. AceAnuS ¥ 1,4
(0261) 10€4-2821 [S] ZE “vdr 208 SAud r . $RISAI) 01584 Maudew

-VON W SYS S1RIS 10 31900 y: 13 pue ' W IBIIOBT. NZIY dgg
(6961) 96-28€ (2] £Z "vdr s0g sAud r .'SieisAi) Msee0L84 pue

D019 SNOSUBHNUNG 10 PUR SiBjSAID) 4 10 S d. NIy My
(£961) £6-¥6. [¥] €T "V 20§ SAug [ .10IA

- uonezuiod S SIMUAAI] NG N | U GUABL SUID01901104. 'NITY N4
(8561) 5888 'Y 'S g 7o) 203 wn $2ISAyd SIIS PrOS JUOD (8961) #1-219 [21) 4T w7 Aay Shug . ‘1e1ShiD) 2deyeoise

P it 2014 . °O°GNQd UO Poseq SHWEID NADG0TAHY,, ‘SRWIOUL ¥ T PUe SIMI @, 10 9dAL MON ¥ '9IEDGAIOYY WIUOPED). ‘SUILILIND 3 § PUE BAOYSNO4 'y '$3010 3 oy
(8561} €0£-969 (011 41 1oneisi) 8joy , ‘oreqy e PRy 4 (8961) 61-91 (1] 17 " W81 A0y SAug .*OIUS Wi vonISURl

o] ngxo-l —UU.-QQ PUR JUDBINQ IBININILG,. 'SIMET g PuUR 'OQWOJUeI4 H Wit 9SPUJ .01 1 SUl PUE SOPOW UOUOU4 HOS . "WIOLOM W I PUR 'L102S 4 [ ‘Aney4 dre
. (9561) (8961195501 '€] 891 " 19y Shud "Oep pue FOGNM W Buuaiedg

9] & “/Boweisii ey | W PRI W ydsowApoy.. 'aquioruely H W, yBierheyy pue uewey 10 33uapuace 2iIRIBdWIAL MOURIBN d | PUB UOSUNOL Q M.e
(2661) Z1-89¢ (1) (8961 £C-€19 IC1 p2s 28y shyd . ORLM PUR FOIUS W B

L]
- et AR RRNURAR AR PIAIR JIN N

A N R ) y AL LRRRRIR . RIARIRRI R o Ny
X ..“ .\-.-..%H-U\J-.\ -v\-u\-n\-ifnv YRR (.--v-.-c.r.-.n. P AL AL -\-.\ P P ° ﬁ.»--&\.-l\-



Y o e o Y e e ) i T i e B B

(™

[RY

S N

W !l;.,'n .'l‘l b, '00‘!':‘.' AN ’ .

-

W T
>

o
,\-

e 1SRN
X}

)
b MU R M

3

A
¢
~.
4
(-
‘I

-,,‘-‘_ ™

o L
[

i IAN

e

.
S,

WO W LN

"

I,

%

o

- .-

| I.‘é.'.l."h '_:‘.“ww:."l.

3:e

..-.-.. . A . .... -...-..- -...-‘-.. - M-.-.-.\--. -\\ -\.\\ -q-‘--.u ...
.-......-..-.- : Pt .......................o Yt ,. ..... ..fhn..\f...aw... T R v \.,..-.,..v -.-..J ...J. Jls...r .r.ﬂwi

L .

J-*'

"8 W%,




